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Abstract
Anthropogenic climate change is expected to have pervasive impacts on the performance and
viability of fishes, as increasing temperatures create aerobically constrained environments for
many species. Given the rapid rates of projected temperature increases, it is critical to
evaluate the capacity for fish to respond to a changing thermal environment through
phenotypic plasticity. In this thesis, I examined the capacity for developmental plasticity in
the thermal performance of Atlantic salmon (Salmo salar) reared under current or projected
future temperature conditions (+4°C) from fertilization, and investigated potential
mechanistic underpinnings within the cardiorespiratory system. In a novel application,
cardiac performance was examined in juvenile salmon using a noninvasive Doppler
echocardiograph system originally designed for use in mice. I found that a 4°C increase in
developmental temperature significantly raised the optimal temperature for cardiac
performance and enabled fish to maintain cardiac function to higher temperatures during
acute warming. Developmental temperature did not affect maximum cardiovascular capacity
nor oxygen-carrying capacity of the blood. However, fish reared in elevated temperatures
throughout development expressed morphological traits associated with cardiorespiratory
robustness, including an increased proportion of vascularized compact myocardium and an
increased respiratory surface area at the gills. Finally, I compared the ventricular proteomes
of juvenile salmon raised in the two treatments and found that elevated rearing temperature
altered the abundance of proteins associated with angiogenesis, oxidative metabolism, and
protein homeostasis. Taken together, these patterns suggest an improved oxygen delivery
system and enhanced oxidative capacity within the myocardium of fish exposed to warmer
temperatures in early life. In all, I show that developmental temperature mediates upper
thermal tolerance through plastic adjustments that preserve aerobic performance under high
temperature conditions. This work enhances our understanding of the environmental
contribution to heat tolerance in fish and identifies cardiorespiratory strategies that may
improve thermal resilience in juvenile salmonids. This work also highlights an opportunity to
improve salmon enhancement outcomes by strategically altering hatchery rearing
environments. In all, these findings have important implications for the conservation and
management of this ecologically, economically, and culturally important species.
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Summary for Lay Audience
Temperature is considered the most important environmental factor affecting the physiology,
behaviour, and geographic range of animals. This is especially true for ectotherms, such as
fish, which are incapable of internally regulating body temperature. As temperatures
increase, metabolic reactions rates increase exponentially, resulting in increased tissue
oxygen demands. In several fish species, the upper thermal limit is reached when the
cardiorespiratory system can no longer deliver sufficient oxygen to tissues. In an era of rapid
climate change, it is important to understand the capacity for fishes to adjust to a warmer
thermal environment, as well as the mechanisms supporting changes in heat tolerance. In this
thesis, I examined the effect of increased developmental temperature on the thermal
performance of Atlantic salmon (Salmo salar). I found that a 4°C increase in developmental
temperature significantly increased the thermal limits for cardiac function in juvenile fish. To
investigate mechanisms supporting this shift in heat tolerance, I examined features of the
cardiorespiratory system that would enhance oxygen uptake and delivery to tissues during
warming. The hearts of these fish did not differ in their maximum capacity for cardiac
output, as peak heart rate and heart size did not differ between treatments. However, fish
exposed to warmer temperatures during development showed increased surface areas for
oxygen uptake within their gills. Further, these fish displayed morphological and molecular
traits that would improve oxygen supply to the heart and support its energy production during
thermal stress, which may have enabled them to maintain heart function to higher
temperatures. Thus, exposure to increased temperatures during development can improve
heat tolerance in juvenile Atlantic salmon. Further, flexibility within the cardiorespiratory
system may help fish cope with increasing water temperatures caused by climate change.
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Chapter 1

1

General Introduction

1.1 Anthropogenic Climate Change
Anthropogenic climate change has emerged as one of the greatest threats to modern
biodiversity (Dillon et al., 2010; Kappelle et al., 1999). According to the
Intergovernmental Panel on Climate Change (IPCC), human activity has unequivocally
caused warming of the atmosphere, ocean, and land since a baseline period of 1850-1900.
The average temperature increase is estimated to be approximately 1°C (IPCC, 2021).
Anthropogenic climate change has also increased the frequency and severity of extreme
heat events, with marine heatwaves doubling in frequency since the 1980s (IPCC, 2021).
The most recent IPCC projections estimate that the climate will continue to warm until at
least mid-century, even if net emissions decline to zero by 2050. If net emissions
continue to rise, the climate is likely to warm an additional 2.3-4.7°C by the year 2100
(IPCC, 2021). For every additional 0.5°C of average warming, the IPCC forecasts
discernable increases in the frequency and magnitude of extreme heatwaves. Organisms
will therefore have to contend with warmer temperatures throughout their ontogeny, as
well as unprecedented acute heat events.

1.1.1

Potential Responses to Climate Change

Vulnerability to the thermal challenges imposed by climate change will depend on how
close organisms are currently living to their upper thermal limits, as well as their adaptive
capacity to adjust to a changing thermal environment (Huey et al., 2012). Adjustments to
a changing thermal environment can be physiological in nature, allowing the organism to
tolerate new temperature conditions; or behavioural, such that the organism avoids
unfavourable temperature conditions. Adaptive capacity for such adjustments can involve
evolutionary adaptation, in which the genetic makeup of a population is altered by natural
selection for favourable genotypes (multi-generational); or phenotypic plasticity, in
which non-genetic adjustments are made to the physiology, morphology, phenology, or
behaviour of an individual in response to chronic environmental change (within-
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generation). Plastic responses to temperature can be further partitioned into
developmental plasticity and thermal acclimation. Developmental plasticity refers to the
shaping of phenotypic traits by early life environments, which can occur across
developmental stages (Angilletta Jr and Angilletta, 2009). Developmental plasticity can
have profound, and often permanent, effects on traits expressed throughout an organism’s
life. In contrast, thermal acclimation occurs within a single life stage, usually in a
reversible manner (Angilletta Jr and Angilletta, 2009). It is thought that short-term
thermal acclimation during later life-stages may underestimate the full plastic potential of
some species, relative to the persistent effects of developmental plasticity (Crozier and
Hutchings, 2014). As the threat of rapid climate change looms, we have seen a recent
push to characterize the thermal limits and plastic capacity of wild populations. Among
the organisms most vulnerable to the direct effects of rising global temperatures are
aquatic ectotherms.

1.2 Thermal Biology of Ectotherms
Temperature plays a fundamental role in shaping biodiversity and is often referred to as
the ‘ecological master factor’ for ectothermic organisms (Brett, 1971). Ectotherms, such
as invertebrates, reptiles, amphibians, and fish, are defined by an inability to internally
regulate body temperature. Thus, the internal physiology of these animals is directly
dependent on the thermodynamic effects of temperature on biochemical and metabolic
reaction rates. In turn, this places thermal limitations on an organism’s capacity for
maintaining homeostasis, locomotion, growth, reproduction, and all other activities
essential to its survival and fitness.

1.2.1

Oxygen- and Capacity-Limited Thermal Tolerance

In a variety of aquatic ectotherms, the thermal tolerance window is largely shaped by
aerobic scope (Pörtner and Knust, 2007). Aerobic scope is the difference between
minimum and maximum oxygen consumption; it reflects an organism’s capacity to
perform aerobic activities beyond meeting standard metabolic needs (Fry, 1947). As
temperature increases, standard metabolic rate —and thereby oxygen consumption—
increases exponentially. However, capacity limitations within the cardiorespiratory

3

system prevent an indefinite increase in maximum oxygen consumption, creating an
optimum temperature (TOpt) at which aerobic scope is maximized (Fig. 1.1). As
temperature increases beyond TOpt, aerobic scope progressively declines until falling to
zero at the animal’s upper critical temperature (TCrit; Fig. 1.1). At temperatures above
TCrit, metabolic requirements exceed aerobic capacity and survival becomes time-limited.
Thus, a mismatch between tissue oxygen demand and the capacity of the
cardiorespiratory system to supply sufficient oxygen is thought to limit upper temperature
tolerance in aquatic ectotherms under the oxygen- and capacity-limited thermal tolerance
(OCLTT) hypothesis (Farrell, 2009; Pörtner and Knust, 2007). However, there is ongoing
debate surrounding the applicability of the OCLTT hypothesis for all ectothermic
organisms (Clark et al., 2013; Jutfelt et al., 2018), with much of the evidence to-date
being presented in salmonids and other active fish species.
In fishes, increases in tissue oxygen demand during warming are primarily supported by
increases in heart rate (fH) (Clark et al., 2005; Clark et al., 2008; Eliason and Anttila,
2017; Farrell, 2009; Sandblom and Axelsson, 2007; Steinhausen et al., 2008). At the
Arrhenius breakpoint temperature (TAB), temperature-dependent increases in maximum
heart rate (fHmax) begin to slow (Fig. 1.1). In turn, this places a limitation on oxygen
delivery to tissues. When the cardiac arrythmia temperature (TArr) is reached, the heart
becomes arrhythmic and cardiac function breaks down, triggering a collapse in aerobic
scope (Fig. 1.1). Heart failure has therefore been identified as a primary determinant of
upper thermal limits in fish, positioning the heart as an ‘ecological thermometer’ in
conservation physiology (Cooke et al., 2012; Farrell et al., 2008; Iftikar and Hickey,
2013). Indeed, these rate transition temperatures for fHmax have emerged as useful
indicators of oxygen-limited thermal tolerance, as they are closely associated with the
temperatures at which aerobic scope becomes limited and eventually collapses. TAB and
TArr have been shown to fall within 1-2°C of TOpt and TCrit, respectively— often being
statistically indistinguishable from these more time-consuming measurements (Anttila et
al., 2013a; Casselman et al., 2012). In salmonids, cardiorespiratory thresholds for thermal
performance have been used to predict temperature-related mortality in the wild and
assess vulnerability to environmental change (Cooke et al., 2012; Farrell et al., 2008;
Muñoz et al., 2015).
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Figure 1.1 Changes in aerobic scope and maximum heart rate as a function of
temperature in a teleost fish. Diagrammatic relationship between aerobic scope and
temperature is shown in black, as well as the associated optimum temperature (T Opt) and
upper critical temperature (TCrit). The relationship between the natural log of maximum
heart rate (ln(fHmax)) and temperature is shown in red, along with the associated Arrhenius
breakpoint temperature (TAB) and cardiac arrythmia temperature (TArr). When increases
in fHmax become limited with increasing temperature (TAB), there is a corresponding a
limitation on aerobic scope which ultimately sets TOpt. At the onset of temperatureinduced cardiac arrhythmias (TArr), aerobic scope approaches a functional collapse,
corresponding with the upper critical temperature (TCrit). Due to this mechanistic
relationship between fHmax and aerobic scope, rate transition temperatures for fHmax (TAB
and TArr) can be used for comparative estimates of TOpt and TCrit, respectively (Anttila et
al., 2013a; Casselman et al., 2012). Figure modified from Muñoz et al. (2014).
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While cardiac function has been implicated as a limiting factor for heat tolerance in fish,
the causal factors underlying temperature-induced heart failure are not fully understood.
However, a growing number of studies have suggested that heart failure under high
temperature conditions may result from a limited oxygen supply to the heart itself (Clark
et al., 2008; Ekström et al., 2017; Farrell, 2009) or an impairment of aerobic ATP
production within cardiomyocytes (Chung et al., 2017; Hilton et al., 2010; Iftikar and
Hickey, 2013; Iftikar et al., 2014). In subsequent sections, I will expand on the role of
these processes in supporting cardiac function under high temperature conditions and
describe other steps in the oxygen cascade which may mediate thermal performance
under the OCLTT hypothesis.

1.3 Cardiorespiratory Morphology and Oxygen Transport in
Teleost Fish
1.3.1

The Oxygen Cascade

Before oxygen can be utilized for aerobic production of adenosine triphosphate (ATP), it
must travel down a partial pressure gradient from the external environment to tissue
mitochondria. This oxygen cascade involves a series of diffusion and convection steps
which are facilitated by the cardiorespiratory system (Farrell, 2009). An overview of the
teleost cardiorespiratory system is provided in Figure 1.2. The heart pumps deoxygenated
blood into the ventral aorta, which diverges into branchial arteries perfusing the gills.
Oxygen-rich water is ventilated over the gills, where gas exchange with the blood occurs
via simple diffusion. Once oxygen has diffused across the gill epithelium and into the
bloodstream, it becomes bound to the respiratory pigment haemoglobin (Hb) within red
blood cells, while a small fraction becomes dissolved in the plasma. Oxygenated blood
exits the branchial circulation and is distributed to bodily tissues through the arterial
vasculature. This convective transport of blood is driven by arterial pressure generated by
the heart and mediated by vascular resistance. Within systemic capillary beds, oxygen
diffuses into tissue cells where it can be used in mitochondrial respiration. Deoxygenated
blood is then returned to the heart through the venous vasculature.
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Figure 1.2 Simplified schematic of the teleost cardiorespiratory system.
Deoxygenated blood (blue) returns to the heart from the venous vasculature and is
pumped into the ventral aorta. The ventral aorta diverges into four pairs of branchial
arteries perfusing the gill arches, which support rows of gill filaments. Arising from the
gill filaments are highly vascularized respiratory folds called lamellae, where gas
exchange occurs with water passing over the gills. Oxygenated blood (red) exits the gills
via the branchial arteries, which converge with the dorsal aorta. The dorsal aorta diverges
into a network of arterial vasculature that perfuses systemic capillary beds, where tissue
gas exchange occurs. In some teleosts, the heart receives a direct supply of oxygenated
blood from the gills via the coronary artery. In most fish, the heart is oxygenated by
deoxygenated blood returning from the venous vasculature. Illustration by Bradley S.
Bork and Carlie A. Muir, modified from Ekström (2017).
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1.3.2

The Gills

The gills are the primary site for gas exchange in fish, as well as a host of other
physiological processes including ionic regulation, acid-base regulation, excretion of
nitrogenous wastes, and chemoreception (Evans et al., 2005). In teleosts, the gill basket is
comprised of four pairs of bony gill arches, which are anchored to the pharynx and
positioned on either side of the oral cavity (Fig. 1.2). Each gill arch supports rows of thin,
bladelike structures called gill filaments, which are protected from the external
environment by a bony flap called the operculum (Hughes, 1984). Gill surface area is
proportional to the metabolic demands of the animal, with highly active fishes showing
greater gill surface areas than more sluggish species (Brill, 1996; Hughes, 1972). The
surface area of gill filaments is markedly increased by the presence of highly
vascularized respiratory folds called lamellae. These protruding lamellae represent the
fundamental units for gas exchange, where oxygen uptake occurs via countercurrent gas
exchange (Hughes, 1972). As oxygen-rich water passes through the interlamellar
channels, it flows in the opposite direction to deoxygenated blood moving through
capillaries. This enhances oxygen uptake by maximizing the concentration gradient
between the water and the bloodstream along the entire length of the respiratory surface.
The depth of these interlamellar channels, and therefore the surface area of respiratory
lamellae in contact with the water, is largely determined by the size of the interlamellar
cell mass (ILCM). The ILCM is plastic in nature, capable of expanding and regressing to
alter the lamellar surface area available for gas exchange (Nilsson, 2007). Rates of gas
exchange can also be mediated by adjusting the rate at which water is ventilated over the
gills or ventilation volume.

1.3.3

The Heart

The heart is the first organ to form and function in all vertebrates, but the number of
cardiac chambers and their respective morphology varies greatly across the animal
kingdom. In teleosts, the heart is comprised of four chambers arranged in series: the sinus
venosus, the atrium, the ventricle, and the bulbus arteriosus (Fig. 1.3). The atrium and
ventricle consist of excitable, contractile cardiomyocytes, and together they form the
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circulatory system’s muscular pump. The sinus venosus and bulbus arteriosus are highly
elastic chambers which function as storage conduits for blood entering and leaving the
heart, respectively (Santer, 1985). Deoxygenated blood returning from the venous
vasculature is collected in the sinus venosus before passively filling both the atrium and
part of the ventricle (diastole). The atrium is a sac-like chamber with a relatively thin
muscular wall, and its contraction (atrial systole) completes ventricular filling (Farrell
and Jones, 1992). The ventricle is a thick-walled muscular chamber and is considered the
pressure-generating chamber of the heart. Arterial blood pressure is a function of vascular
resistance and cardiac output (Q), which is the volume of blood pumped by the heart per
unit time (product of heart rate and stroke volume). When blood is ejected by the
ventricle, the bulbus arteriosus expands to accommodate the stroke volume, acting as a
‘windkessel’ of sorts. The gradual elastic recoil of the bulbus dampens the arterial
pressure generated by the ventricle, resulting in steadier blood flow to the gills and
preventing damage to the delicate gill vasculature (Fig. 1.2; Farrell and Jones, 1992;
Priede, 1976).
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Figure 1.3 Schematic illustration of the salmonid heart. The teleost heart consists of
four serially-arranged chambers: the sinus venosus, the atrium, the ventricle, and the
bulbus arteriosus. Deoxygenated blood collects in the sinus venosus before filling into
the atrium. Atrial contraction completes ventricular filling and ventricular contraction
drives convective blood transport through the vasculature. The bulbus arteriosus
dampens the pressure generated by the ventricle and steadies blood flow to the gills. In
salmonids, the pyramidal ventricle is comprised of an inner spongy myocardium and an
outer compact myocardium, which receives a coronary blood supply via the coronary
artery. Illustration by Bradley S. Bork and Carlie A. Muir.
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1.3.3.1

Cellular Mechanisms of Heart Contraction

As in all vertebrates, the teleost heart has a rhythmic, myogenic heartbeat that is
generated by specialized cardiac pacemaker cells. The intrinsic heart rate is set by an
aggregate of pacemaker cells located at the border between the sinus venosus and the
atrium, called the sinoatrial (SA) node (Irisawa, 1978). These pacemaker cells generate
action potentials via rapid depolarization and repolarization of the sarcolemma, resulting
from concerted transmembrane flux of extracellular (Na+ and Ca2+) and intracellular (K+)
ions along their respective concentration gradients (Vornanen, 2017). Action potentials
are spatiotemporally conducted through the atrium and ventricle to allow sufficient time
for ventricular filling and prevent regurgitation of the blood.
As action potentials propagate through the myocardium, Ca2+ influx into myocardial cells
stimulates further Ca2+ release from the sarcoplasmic reticulum. This increases the
concentration of cytosolic Ca2+ ([Ca2+]Cyt) and triggers myofilament contraction (Shiels,
2017). Myofilaments are the contractile machinery of cardiomyocytes, comprised of thick
(myosin) and thin (actin) filaments, which repeat in sections called sarcomeres.
Associated with the thin filament is a regulatory unit consisting of tropomyosin and the
troponin (Tn) complex (TnI, TnC, and TnT). At low [Ca2+]Cyt, tropomyosin covers
myosin binding sites on the actin filament (Gillis and Tibbits, 2002). When [Ca2+]Cyt
increases, Ca2+ binds to the troponin complex through TnC and induces a conformational
change within the regulatory unit, shifting the position of tropomyosin along the actin
filament and uncovering the myosin binding sites. This allows myosin to interact with the
actin and form force-generating cross-bridges (powered by ATP hydrolysis), resulting in
shortening of the sarcomere and contraction of the cardiac muscle (Gillis and Tibbits,
2002). Relaxation of the myocardium is then dependent on the removal of cytosolic Ca2+.

1.3.3.2

Regulation of Heart Rate

In teleosts, the SA node is densely innervated by both stimulatory adrenergic nerves and
inhibitory (vagal) cholinergic nerves (Nilsson, 1983; Sandblom and Axelsson, 2011).
Thus, in addition to the intrinsic pacemaker rate, resting heart rate is influenced by tonic
input from these extrinsic control systems. Cholinergic neurons release acetylcholine,
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which binds muscarinic receptors on pacemaker cells. This results in reduced
transmembrane ion conduction rates, thereby reducing the action potential firing
frequency of pacemaker cells, and ultimately lowering heart rate (Sandblom and
Axelsson, 2011). Conversely, adrenergic neurons release noradrenaline and adrenaline,
which bind to β-adrenoreceptors on pacemaker cells and increase action potential firing
frequency, thereby elevating heart rate. Adrenergic neurons also innervate the ventricle,
where β-adrenoreceptor activation stimulates increased contractility by increasing Ca2+
influx (Farrell and Smith, 2017; Sandblom and Axelsson, 2011). Circulating
noradrenaline and adrenaline can also have stimulatory effects on heart rate when bound
to cardiac β-adrenoreceptors. Cardiac stimulation by catecholamines plays a crucial role
in achieving maximum cardiac performance, and as such, athletic fishes tend to show
higher myocardial β-adrenoreceptor densities than less active species (Olsson et al.,
2000).

1.3.3.3

Ventricular Morphology

Teleost fish display significant interspecific variation in ventricular morphology,
differing in ventricle shape, size, myoarchitecture, and oxygen supply. These differences
in ventricular morphology tend to reflect the functional demands imposed by the fish’s
habitat, activity level, and life history (Farrell and Jones, 1992; Santer, 1985). Teleost
ventricles can be categorized into three shapes: tubular, saccular, and pyramidal (Santer
et al., 1983). Tubular or saccular ventricles are observed in more sedentary species, while
pyramidal ventricles (Fig. 1.3) are typical of highly active fish (Santer, 1985). In species
with pyramidal ventricles, ventricular roundness correlates negatively with cardiac output
and athletic capacity (Claireaux et al., 2005). Pyramidal ventricles tend to have robust
muscular walls and account for a higher percentage of body mass than tubular or saccular
ventricles (Santer et al., 1983), owing to differences in their myocardial architecture.
The ventricular musculature presents in two forms of myocardium: spongy and compact.
The hearts of all fish contain spongy myocardium, in which cardiomyocytes are arranged
in a trabeculated network that spans the inner lumen of the ventricle (Pieperhoff et al.,
2009; Tota et al., 1983). This mesh-like arrangement creates pockets called lacunae,
which fill with venous blood during diastole and empty when the trabeculae contract. In
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fish with tubular or saccular ventricles (about two thirds of all teleost species), the
chamber is composed entirely of spongy myocardium (Davie and Farrell, 1991; Tota et
al., 1983). In these trabecular-type hearts, the ventricle is oxygenated by the relatively
oxygen-poor venous blood within the lacunae. This ventricular arrangement is not
conducive to the cardiac work required to support prolonged swimming. Instead,
trabecular-type hearts move relatively large volumes of blood under low pressure at low
heart rates and are generally found in species with sedentary habits, such as icefish
(Agnisola and Tota, 1994; Tota and Gattuso, 1996). In fish with pyramidal ventricles, the
spongy myocardium is encased by a layer of compact myocardium, which contains
densely arranged myocardial bundles (Fig. 1.3; Davie and Farrell, 1991; Tota et al.,
1983). This ventricular arrangement creates a highly efficient pump that can move
relatively small volumes of blood at high heart rates under high pressure, and is seen in
athletic teleosts such as salmonids and tuna (Agnisola and Tota, 1994; Tota and Gattuso,
1996). In these mixed-type hearts, the compact myocardium does not have direct access
to the luminal blood and instead receives an oxygen-rich coronary blood supply directly
from the gills (Figures 1.2 and 1.3; Tota et al., 1983). This coronary circulation not only
aids in pressure generation by the compact myocardium, but also ensures a reliable
supply of oxygen to the working myocardium under conditions where venous partial
pressure of oxygen (PO2) becomes limited, such as during sustained aerobic exercise,
environmental hypoxia, or periods of high water temperature (Davie and Farrell, 1991).
Thus, vascularized mixed-type hearts are thought to be an adaptation acquired by teleost
species with high metabolic demands (Santer and Walker, 1980). Indeed, relative
thickness of the compact myocardium also varies intraspecifically based on the aerobic
demands of a fish’s life history. In salmonids, the proportion of compact myocardium is
positively associated with the length of a fish’s migration route (Eliason et al., 2011;
Graham and Farrell, 1992); while in farmed fishes, the compact myocardium is thinner
when compared to more-active wild conspecifics (Pombo et al., 2012). Altogether, the
ventricle drives convective blood transport within the cardiorespiratory system, and its
morphology contributes to the aerobic capacity of teleost fish.
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1.3.4

The Blood

Convective transport of blood by the circulatory system is responsible for transporting
oxygen, nutrients, and hormones to bodily tissues, as well as clearing cellular waste and
metabolically produced carbon dioxide. Over 50% of vertebrate blood is comprised of
plasma, a watery fluid which contains proteins, excretory products, nutrients, and other
solutes. Suspended in the plasma are blood cells: erythrocytes (red blood cells) and
leukocytes (white blood cells). Erythrocytes are the most abundant blood cells in teleosts
(Fánge, 1992), and contain the oxygen-binding protein haemoglobin. Haemoglobin is a
tetrameric protein containing four heme groups, each capable of binding an oxygen
molecule. Oxygen binding by haemoglobin amplifies the oxygen-carrying capacity of the
blood at least twenty-fold when compared to oxygen physically dissolved in plasma
(Weber and Jensen, 1988). At a given partial pressure of oxygen, the oxygen-carrying
capacity of the blood depends on the concentration of haemoglobin and the
haemoglobin-oxygen affinity (Nikinmaa, 2001).
The concentration of haemoglobin in the blood is largely mediated by erythrocyte
number, as [Hb] approaches its solubility limit within mature erythrocytes (Riggs, 1976).
Increases in [Hb] are generally achieved through splenic release of red blood cells or
increased erythropoiesis (Farrell, 2009; Witeska, 2013). Thus, hematocrit —the
proportion of erythrocyte volume relative to total blood volume— is commonly used to
assess oxygen carrying capacity of the blood. Hematocrit values range from 0 to over
50% in teleosts, varying based on locomotor behaviour and environmental conditions
such as temperature and dissolved oxygen content (Fánge, 1992; Soldatov, 2005). For
example, Antarctic notothenioid fishes that are adapted to extremely cold and
well-oxygenated environments display low metabolic rates and diminished hematocrit
levels, with members of the Channichthyidae family lacking haemoglobin altogether
(Macdonald et al., 1988; Ruud, 1954).
Intrinsic oxygen affinities of teleost haemoglobins also vary considerably. Oxygen
dissociation curves, which describe the relationship between PO2 and Hb saturation, are
helpful when considering the oxygen-binding affinity of haemoglobin. Affinity can be
expressed as P50, which is the PO2 at which Hb is 50% saturated with oxygen.

14

Haemoglobins with high oxygen affinities become saturated a low partial pressure of
oxygen and therefore have a low P50. Conversely, haemoglobins with low oxygen
affinities will only become completely saturated at relatively high PO2, and thus have high
P50 values. In hypoxia-tolerant fishes, such as carp and pike, haemoglobins display low
P50 values, while species inhabiting oxygen-rich waters like salmonids have
haemoglobins with relatively high P50 values (Nikinmaa, 2001; Powers, 1980). In some
species, individuals express multiple Hb isoforms with varying oxygen-binding affinities.
This multiplicity of Hb is thought to be an adaptation to environments or life histories in
which fish are exposed to variable dissolved oxygen levels (Weber and Jensen, 1988).
Shifting the relative proportion of these isoforms offers a means of adjusting to changes
in oxygen demand or availability (Nikinmaa, 2001).
The oxygen-binding affinity of haemoglobin also depends on its interaction with
allosteric effectors and local conditions such as pH and temperature. This lability in
Hb-O2 affinity facilitates Hb’s dual role in transporting oxygen to tissues, as oxygen must
be effectively loaded during oxygen uptake at the gills and efficiently unloaded at
systemic tissues (Nikinmaa, 2001; Rummer and Brauner, 2015). To ensure that oxygen is
readily unloaded in tissue capillaries, Hb-O2 affinity is reduced under conditions found in
metabolically active tissues: reduced pH, increased temperature, and increased
concentrations of organic phosphates. Organic phosphates (predominantly ATP and GTP
in fish) act as allosteric modifiers of Hb-O2 affinity, as their binding to Hb induces a
low-affinity conformation (Nikinmaa, 2001). The effect of pH on Hb-O2 affinity is
described by the Bohr effect. Metabolic CO2 production increases blood partial pressure
of carbon dioxide (PCO2), thereby reducing pH. In vertebrates, this results in an increase in
P50, favouring oxygen dissociation from Hb. Teleost haemoglobins also display a
physiological phenomenon known as the Root effect, in which changes in pH not only
affect the oxygen-affinity of haemoglobin, but also its carrying capacity for oxygen
(Root, 1931). In haemoglobins exhibiting the Root effect, decreases in pH result in a loss
of subunit cooperativity, such that Hb does not become fully saturated even at high
partial pressures of oxygen. The Root effect is thought to be central to the performance of
highly active fishes, such as salmonids, as it allows oxygen to be unloaded at relatively
high PO2 during periods of high tissue oxygen consumption (Rummer and Brauner, 2015).
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Together, these effects on Hb-O2 affinity elevate the partial pressure of oxygen in the
blood, thereby increasing the diffusion gradient between capillaries and tissue
mitochondria.

1.3.5

Tissue Oxygen Extraction

In the final step of the cardiorespiratory oxygen cascade, oxygen diffuses across capillary
walls and into tissue cells, where it can be used for aerobic ATP production in the
mitochondria. There are several aspects of tissue composition that can affect oxygen
extraction, including the degree of capillarization, myoglobin concentration, and
mitochondrial density. Capillary density mediates tissue oxygen extraction by
determining the surface area available for oxygen diffusion, as well as the diffusion
distance (Egginton and Cordiner, 1997; Farrell, 1996). Similarly, mitochondrial density
affects the diffusion distance that oxygen must travel within cells (Egginton and Sidell,
1989), while also setting the maximum flux capacity for aerobic ATP production.
Oxygen diffusion to the mitochondria is further enhanced by the presence of myoglobin
(Wittenberg and Wittenberg, 2003). Myoglobin (Mb) is an intracellular oxygen-binding
protein found in the cardiac and skeletal muscle of vertebrates, that also facilitates
oxygen storage (Wittenberg and Wittenberg, 2003). It contains one heme group (relative
to haemoglobin’s four), allowing each Mb protein to bind a single O2 molecule. As in
haemoglobin, myoglobin reversibly binds oxygen over the range of PO2 normally
encountered in the animal. This enables Mb to serve as an oxygen reservoir, releasing O2
to active tissues when PO2 decreases. The concentration of myoglobin varies by tissue and
reflects the aerobic demands. For example, in the highly oxidative muscle fibers of the
ventricle, [Mb] is very high. Across species of teleosts, each of these aspects of tissue
anatomy is highly correlated with the metabolic needs of the fish. Highly active fish that
sustain aerobic swimming (e.g., salmonids and tuna) display greater capillarization,
higher [Mb], and increased mitochondrial density in their cardiac and skeletal muscle
compared to less-active species (Brill, 1996; Egginton and Cordiner, 1997; Farrell et al.,
1996; Giovane et al., 1980; Mathieu-Costello et al., 1996).
Altogether, the intra- and interspecific patterns discussed in this section underscore the
important role that each component of the cardiorespiratory system plays in ensuring
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sufficient oxygen delivery to mitochondria, thereby mediating the aerobic capacity of
teleost fish. These cardiorespiratory traits may similarly reduce the temperature-related
mismatches between oxygen supply and demand that are thought to limit heat tolerance
in fish under the OCLTT hypothesis.

1.4 Aerobic Metabolism in the Teleost Heart
The vertebrate heart is a highly oxidative organ which requires a high rate of aerobic
ATP production to sustain its continuous contractile work. Indeed, the teleost heart
depends almost exclusively on mitochondrial oxidative phosphorylation to support its
energetic demands (Driedzic, 1978), with perfused hearts failing rapidly with moderate
hypoxia (Davie and Farrell, 1991).
Aerobic ATP production begins with the oxygen-independent glycolytic pathway, which
converts glucose to pyruvate in the cytosol and results in a small yield of ATP (2 ATP).
In the absence of oxygen (anaerobic conditions), pyruvate is converted to lactate by
lactate dehydrogenase (Berg et al., 2007). If oxygen is present (aerobic conditions),
pyruvate enters the mitochondrion where it is converted to acetyl-coenzyme A (CoA) and
enters the tricarboxylic acid (TCA) cycle. Acetyl-CoA can also be supplied to the TCA
cycle via fatty acid oxidation.
Through a series of redox reactions, the TCA cycle harnesses the stored energy within
acetyl-CoA into the reducing equivalents nicotinamide adenine dinucleotide (NAD+) and
flavin adenine dinucleotide (FAD). Many intermediates of the TCA cycle are also used as
precursors for the biosynthesis of other compounds, such as amino acids and fatty acids
(Berg et al., 2007). For every completion of the TCA cycle, three NAD+ molecules are
reduced to NADH and one FAD molecule is reduced to FADH2. These reducing
equivalents then donate electrons to the electron transport system.
The electron transport chain is located on the inner mitochondrial membrane and consists
of four protein complexes (I-IV) with associated mobile electron carriers (Gautheron,
1984). NADH and FADH2 produced in the TCA cycle become oxidized and donate
electrons to complexes I and II, respectively. Electrons are then rapidly transported from
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one complex to the next by lipid-soluble carrier molecules, until they are used by
cytochrome C oxidase (complex IV) to reduce oxygen, producing water. This transfer of
electrons drives the pumping of protons (H+) from the mitochondrial matrix into the
intermembrane space by complexes I, III, and IV, thereby generating an electrochemical
gradient across the inner mitochondrial membrane. The proton gradient facilitates H+ flux
through ATP-synthase, resulting in the production of ATP (Gautheron, 1984). This
mitochondrial respiration is highly lucrative, yielding 32 molecules of ATP per molecule
of glucose, relative to the 2 ATP molecules produced by glycolysis alone (Berg et al.,
2007). As the rates of these reactions increase with temperature, it is critical that the
cardiorespiratory system increases oxygen delivery to active tissues during warming,
including the heart itself.

1.5 Cardiorespiratory Responses to Elevated Temperature
1.5.1

Acute Responses to Temperature

During acute increases in temperature, fish must increase oxygen uptake and delivery by
the cardiorespiratory system to match increases in tissue oxygen demand. This can be
aided by an increase in gill ventilation, as well as a splenic release of red blood cells,
thereby increasing blood oxygen content (Farrell, 2009; Heath and Hughes, 1973).
However, as previously mentioned, adjusting cardiac output is the central mechanism for
meeting acute increases in tissue oxygen demand. During warming, increases in cardiac
output are almost exclusively supported by increases in heart rate (Clark et al., 2005;
Clark et al., 2008; Eliason and Anttila, 2017; Farrell, 2009; Sandblom and Axelsson,
2007; Steinhausen et al., 2008). These temperature-dependent increases in heart rate are
largely mediated by the direct stimulatory effects of temperature on pacemaker cells
(Farrell and Smith, 2017), as well as the release of catecholamines (Currie et al., 2013;
Gilbert et al., 2019). Circulating levels of adrenaline and noradrenaline increase during
acute warming (Currie et al., 2008), which stimulate increases in heart rate and
contractility when bound to β-adrenergic receptors in the heart (Sandblom and Axelsson,
2011). Adrenergic stimulation is also thought to protect cardiac function when venous
blood within the lumen of the ventricle becomes hypoxic and acidotic, especially under
high temperature conditions (Gesser and Jørgensen, 1982; Gilbert et al., 2019; Graham
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and Farrell, 1989; Hanson and Farrell, 2007). Indeed, oxygenation of the myocardium is
crucial for supporting increased cardiac work under high temperature conditions and it
has

been

hypothesized

that

limitations

in

cardiac

oxygen

supply

trigger

temperature-induced heart failure. In fish that possess a coronary vasculature, coronary
blood flow increases during acute warming (Ekström et al., 2017). Increases in coronary
blood flow are achieved through vasodilation of the coronary microvasculature, which is
responsive to catecholamines, nitric oxide, interleukin 1β, and several other endogenous
agents (Farrell and Smith, 2017).

1.5.2

Evolutionary and Acclimatory Responses to Temperature

In teleost fishes, thermal performance of cardiac function tends to be locally adapted to
the temperatures encountered by antecedents, such that fish from warmer environments
display higher thermal limits than those from cooler environments (Chen et al., 2015;
Eliason et al., 2011; Gilbert et al., 2020; Gradil et al., 2016; Iftikar et al., 2014). Many
teleost species also demonstrate significant plasticity in heat tolerance, such that
cardiorespiratory thresholds for thermal performance increase with developmental
temperature or warm-acclimation (Anttila et al., 2014; Jayasundara and Somero, 2013;
Muñoz et al., 2015; Safi et al., 2019). In previous sections, I discussed cardiorespiratory
traits which are associated with improved aerobic capacity in highly active fishes.
Interestingly, many of these traits also differ intraspecifically with thermal tolerance. For
example, in the hearts of fish with improved heat tolerance we observe higher peak heart
rates, higher proportions of compact myocardium, improved coronary blood supplies, and
higher densities of cardiac myoglobin and β-adrenoreceptors than in less-heat tolerant
conspecifics (Anttila et al., 2013b; Anttila et al., 2014; Anttila et al., 2015; Eliason et al.,
2011; Harding Gradil, 2015; Jayasundara and Somero, 2013; Muñoz et al., 2015; Safi et
al., 2019). Outside of the heart, we often observe increased gill surface area, increased
hematocrit, and higher [Hb] in more-thermally tolerant individuals (Beers and Sidell,
2011; Harding Gradil, 2015; Jayasundara and Somero, 2013; McBryan et al., 2016;
Muñoz et al., 2015). These findings suggest that traits which improve aerobic capacity
can also improve heat tolerance, lending further support to the oxygen- and
capacity-limited thermal tolerance hypothesis. However, it is important to note that these
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responses vary across species and populations. Which steps in the oxygen cascade
respond to chronic changes in temperature will depend on species-specific selection
pressures, physiological limitations, and adaptive capacity. In the face of rapid climate
warming, it is important to understand the capacity for adjustments to oxygen-limited
thermal tolerance, particularly in vulnerable teleost species.

1.6 Salmonids in a Warming Climate
Salmonids are a family of highly active, cold-water teleosts that include salmon, trout,
and charr. Salmonid life history patterns show a vast degree of variation at the species,
population, and individual level (Thorpe, 1989). All salmonids spawn in fresh water, and
many display complex anadromous lifecycles. In the anadromous lifecycle, juveniles
spend a variable length of time in their natal streams (days to years) before emigrating to
the ocean. Fish will then spend 1-7 years at sea, growing and accumulating energy stores
(Thorpe, 1989). After this period of somatic growth, the fish embark on an upriver
spawning migration, showing remarkable fidelity to their natal streams. Conversely, nonanadromous salmonids remain in fresh water throughout their lives, migrating to lakes or
becoming stream-residents. Freshwater streams are less thermally stable than larger
bodies of water, making salmonids particularly vulnerable to thermal stress during their
stream-residency period and upriver spawning migration.
Consequently, natural selection imposed by the temperature conditions of ancestral rivers
appears to have shaped the thermal performance of salmonid populations. In the Fraser
River watershed, adult sockeye salmon (Oncorhynchus nerka) display populationspecific correspondence between TOpt and the modal temperatures encountered by
antecedents during upriver spawning migrations (Eliason et al., 2011). In recent years,
anomalously high river temperatures have been linked to reduced survival during the
spawning migrations of sockeye salmon, by impairing cardiac performance and limiting
aerobic scope (Farrell et al., 2008; Hinch et al., 2012; Martins et al., 2011; Martins et al.,
2012). Similar patterns are observed at the juvenile stage in Atlantic salmon (Salmo
salar, Linnaeus 1758). Across populations of Atlantic salmon, thermal performance of
cardiac function is optimized (TAB) near the average summer temperatures of their
ancestral rivers (Gradil et al., 2016). However, the average upper thermal limit for
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cardiac function (TArr) was shown to correspond with current peak summer temperatures
(Gradil et al., 2016). This finding suggests that summer temperature spikes are already
creating aerobically constrained environments for juvenile Atlantic salmon, which will be
exacerbated as climate change increases the frequency and severity of summer heat
waves.

1.6.1

Atlantic Salmon

Atlantic salmon hold significant ecological, cultural, and economic value in Canada,
making their long-term viability a chief concern among many stakeholders. Atlantic
salmon play important roles in both freshwater and marine ecosystems, serving as a
nutrient link between these respective food webs. Atlantic salmon are fished for food,
social, and ceremonial purposes by many Indigenous communities, and are symbols of
heritage in eastern Canada. Atlantic salmon also support valuable recreational fisheries
and eco-tourism. In 2010, the annual economic value of wild Atlantic salmon in Canada
was estimated to be $255 million (Gardner Pinfold, 2011). Atlantic salmon used to
support a large freshwater fishery in Lake Ontario, but have been extirpated in the area
since 1896 (Parsons, 1973). Despite ongoing stocking efforts by the Ontario Ministry of
Natural Resources and Forestry (OMNRF), a self-sustaining Atlantic salmon population
has yet to be re-established in Lake Ontario. Further, Atlantic salmon are in decline
throughout much of their traditional range, with most southern populations in Canada
listed as endangered under the Species at Risk Act (COSEWIC, 2010). Current
population decline is thought to be caused, in part, by increased thermal stress in
freshwater habitats due to habitat degradation, damming, and climate change
(COSEWIC, 2010). In Canada, average surface temperature has increased at
approximately twice the mean global rate, and this trend is projected to continue under all
emissions scenarios (Cohen et al., 2019). As previously mentioned, Atlantic salmon have
narrow thermal ranges in which aerobic activity can be sustained and many populations
are living close to their upper thermal limits. There is also evidence to suggest that rates
of thermal adaptation in fishes will be outpaced by the projected rates of climate warming
(Morgan et al., 2021; Muñoz et al., 2015). For these reasons, it is important to assess the
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capacity for plastic, within-generation adjustments to heat tolerance in Atlantic salmon
and identify the proximate mechanisms through which that plasticity is achieved.

1.7 Thesis Overview
The oxygen- and capacity-limited thermal tolerance hypothesis provides a mechanistic
framework for understanding the ecological limits of heat tolerance in aquatic
ectotherms, which we can apply in order to examine potential responses to rising
environmental temperatures. The OCLTT hypothesis suggests that a limitation on aerobic
scope, resulting from a mismatch between tissue oxygen demand and oxygen delivery by
the cardiorespiratory system, is the first mechanism to restrict upper temperature
tolerance in fishes. Thus, rapid climate warming is expected to threaten the viability of
highly active fishes, such as salmonids, by creating aerobically constrained environments.
In this thesis, I assessed the capacity for developmental plasticity in the oxygen-limited
thermal tolerance of juvenile Atlantic salmon, and used descriptive and functional
approaches to examine potential underlying mechanisms within the cardiorespiratory
system. My overarching hypothesis was that if developmental temperature alters heat
tolerance in juvenile Atlantic salmon, improvements to thermal performance would be
associated with physiological, morphological, and molecular adjustments within the
cardiorespiratory oxygen cascade that enhance aerobic capacity. Across three of my data
chapters (Chapters 3-5), I examined temperature-dependent plasticity within the
cardiorespiratory system of juvenile Atlantic salmon reared under current (control) or
projected future (warm) temperatures from fertilization. In the warm-developmental
treatment, water temperature was maintained 4°C above that of the control treatment to
reflect possible warming by the year 2100 (Cohen et al., 2019; IPCC, 2021; Muñoz et al.,
2015).
My research had the following objectives:
1) To expand our tools for assessing the effects of acute warming on cardiac
function in small fishes (Chapter 2). Since there is an established mechanistic
relationship between limitations on cardiac performance, aerobic scope, and upper
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thermal tolerance in fishes (Fig. 1.1), I developed a technique for measuring
metrics of cardiac function relevant to thermal performance using a non-invasive
Doppler echocardiograph system originally designed for use in small rodents. The
methodology developed here was subsequently used to examine thermal
performance and cardiac function in juvenile Atlantic salmon in objectives 2 and
3.
2) To examine the effect of developmental temperature on cardiorespiratory
thresholds for upper thermal tolerance in juvenile Atlantic salmon (Chapter 3).
3) To examine temperature-dependent developmental plasticity in cardiac function
and the maximum capacity for convective blood transport in juvenile Atlantic
salmon (Chapter 3), in order to identify potential mechanistic underpinnings of
improved thermal performance.
4) To identify morphological features of cardiorespiratory robustness that respond to
environmental temperature via developmental plasticity in juvenile Atlantic
salmon, which may contribute to improved heat tolerance. To this end, I
examined morphological traits of the heart (Chapter 3) and gills (Chapter 4) that
would enhance oxygen uptake and delivery to tissues —including the heart
itself— under high temperature conditions. In Chapter 4, I also examined
developmental plasticity in the oxygen-carrying capacity of the blood in juvenile
Atlantic salmon.
5) To compare ventricular proteomes of juvenile Atlantic salmon raised in two
thermal regimes (Chapter 5), to identify potential molecular mechanisms
underlying differences in the thermal performance of the heart.
The collective goal of this work was to identify functional, morphological, and molecular
features of improved oxygen-limited thermal tolerance that can respond to environmental
temperature over a developmental timescale in juvenile Atlantic salmon. This work will
contribute to our understanding of how vulnerable teleost fishes may respond to rapidly
changing thermal environments.
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1.7.1

An Introduction to the Study Population

I assessed the capacity for temperature-dependent developmental plasticity in a hatcherybred population of Atlantic salmon hailing from the LaHave River in Nova Scotia,
Canada (44.4°N, 64.5°W), whose wild counterparts are considered endangered under the
Species at Risk Act (Nova Scotia Southern Upland basin; COSEWIC, 2010). The wild
LaHave River population is anadromous, with juvenile salmon spending 2-3 years in a
hydraulically challenging freshwater habitat before migrating to the Atlantic Ocean
(Harding Gradil, 2015). Juvenile Atlantic salmon are most active during the warm
summer months, making this the most aerobically challenging time of year (Imre and
Boisclair, 2004). From 1997-2011, the average summer temperature in the LaHave River
was 20.2°C, and the average temperature across the 10 warmest days was 26.0°C
(Harding Gradil, 2015). While this strain has been bred in captivity for six generations,
previous work from our lab has demonstrated that the thermal performance of juveniles
remains locally adapted to summer temperatures in the LaHave River (Gradil et al.,
2016). Here, I examined the environmental contribution to their thermal tolerance by
exposing fish to current (+0°C) or projected future (+4°C) temperatures throughout
development. If there is developmental plasticity in heat tolerance, exposure to elevated
temperatures during early life may help buffer juvenile salmon against rising summer
temperatures in the LaHave River. This hatchery-bred population is also used in stocking
efforts in Lake Ontario by OMNRF, where in-stream thermal stress is considered a
barrier to successful re-introduction. This issue will only be exacerbated as mean annual
temperatures increase across the Great Lakes basin (Trumpickas et al., 2009). Studies
were performed in freshwater yearlings, as this has been identified as a key life stage for
the recovery of threatened salmon populations and re-introduction efforts (Kareiva et al.,
2000; OMNRF, 2010; Zabel et al., 2006). If juvenile Atlantic salmon show
developmental plasticity in heat tolerance, altering hatchery rearing environments may
offer a means of improving the thermal resilience of stocked Atlantic salmon.
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Chapter 2

2

Adaptation of a Mouse Doppler Echocardiograph
System for Assessing Cardiac Function and Thermal
Performance in a Juvenile Salmonid

A version of this chapter has been published in Conservation Physiology:
Muir, C. A., Neff, B. D. and Damjanovski, S. (2021). Adaptation of a mouse Doppler
echocardiograph system for assessing cardiac function and thermal performance
in a juvenile salmonid. Conserv. Physiol. 9, coab070.

2.1 Introduction
Cardiac performance, the capacity of the heart to deliver oxygenated blood to tissues, is
the cornerstone of aerobic exercise. In anadromous salmonids, thermal limitations to
cardiac performance are known to impact migration success (Farrell et al., 2008). Eliason
et al. (2011) showed that cardiorespiratory performance and morphology were locally
adapted to both migration difficulty and historic river temperatures across populations of
Fraser River sockeye salmon (Oncorhynchus nerka). Similarly, Gradil et al. (2016)
demonstrated that in captive-bred Atlantic salmon (Salmo salar), juvenile cardiac
performance was adapted to the thermal and hydrological conditions of their ancestral
natal streams. Studies have identified juvenile survival during freshwater stages as a
critical target in the conservation of threatened salmonid populations (Kareiva et al.,
2000; Zabel et al., 2006), and elevated river temperatures have been associated with
increased mortality in juvenile Chinook salmon (Oncorhynchus tshawytscha; Crozier and
Zabel, 2006). Assessments of heart function and the thermal limits for cardiac
performance are therefore critical in understanding the impacts of rising river
temperatures on salmonids, towards conserving these ecologically and economically
important species.
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The proposed reliance of upper temperature tolerance on cardiac performance stems from
the notion that in a variety of aquatic ectotherms, upper thermal limits are set by a
mismatch between oxygen supply and demand (Brett, 1971; Pörtner and Knust, 2007).
Aerobic scope is the difference between an organism’s routine and maximum oxygen
consumption, and represents the capacity to perform activities beyond meeting basal
metabolic requirements (Fry, 1947). Fry curves, which describe the relationship between
aerobic scope and temperature, demonstrate that aerobic scope is maximized at an
optimum temperature (TOpt) and declines with further warming, until falling to zero at the
organism’s upper critical temperature (TCrit). During warming, heart rate increases as the
primary mechanism of supporting the heightened oxygen demands of tissues (Clark et al.,
2005; Farrell, 2009). However, at an inflection point known as the Arrhenius breakpoint
temperature (TAB), the rate at which maximum heart rate (fHmax) increases with
temperature declines (Casselman et al., 2012; Yeager and Ultsch, 1989). Above this TAB,
oxygen availability may become limited for activities beyond meeting routine metabolic
needs. As temperatures approach the upper limit of a fish’s thermal window, heart rate
becomes irregular and cardiac function deteriorates, at what is known as the arrhythmia
temperature, TArr (Casselman et al., 2012; Clark et al., 2008; Farrell, 2009). In Coho
salmon (Oncorhynchus kisutch), it was demonstrated that these rate transition
temperatures for fHmax (TAB and TArr) can be used to estimate the optimum temperature for
aerobic scope (TOpt) and the temperature at which aerobic scope collapses (TCrit),
respectively (Anttila et al., 2013a; Casselman et al., 2012). This method developed by
Casselman et al. (2012) involves pharmacologically stimulating maximum heart rate
(fHmax) in anaesthetized fish and recording the response of fHmax to warming as a surrogate
measurement for aerobic scope. As generating a single Fry curve can take several weeks,
determining thermal discontinuities in fHmax using electrocardiograms has been
popularized as a high-throughput method of examining thermal performance of aerobic
function in fish. This method has been applied in numerous salmonid species (Chen et al.,
2013, 2015; Anttila et al., 2014; Muñoz et al., 2015; Gradil et al., 2016; Hansen et al.,
2017; Gilbert et al., 2020), as well as goldfish (Ferreira et al., 2014) and zebrafish (Sidhu
et al., 2014).
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However, the use of electrocardiograms may not be appropriate in the study of marine
species, as seawater hinders the ability of external electrodes to detect ECGs (Skeeles et
al., 2020). A growing number of studies have measured heart rate in fishes using more
invasive methods, such as internal electrodes and implanted heart rate loggers (Brijs et
al., 2019; Clark et al., 2009; Ekström et al., 2017; Prystay et al., 2017; Raby et al., 2015;
Safi et al., 2019; Skeeles et al., 2020). However, some studies employing internal heart
rate loggers report successful data capture in only approximately half of test fish (Clark et
al., 2009; Skeeles et al., 2020). This may be partly due to insufficient recovery time
following implantation, as it has been recommended that fish are given at least 72 hours
of post-surgical recovery time before heart rate measurements are taken (Brijs et al.,
2019). While such heart rate measurements can provide valuable insight into
cardiorespiratory performance, this is just one component of cardiac output. Increased
ventricle size and pumping capacity, which contribute to stroke volume, have also been
linked to improved heat tolerance and swimming performance (Anttila et al., 2013b;
Claireaux et al., 2005; Eliason et al., 2011; Franklin and Davie, 1992a). Thus,
technologies that enable nonsurgical measures of heart rate, as well as hemodynamic
parameters of cardiac function, are needed.
Echocardiography is a popular tool for assessing cardiac function, as it provides a
noninvasive method for visualizing heart structures and measuring blood flow in realtime. There are multiple modes of echocardiography (m-mode, b-mode, and pulsed-wave
Doppler), which use high-frequency sound waves to either produce images of
intracardiac structures or measure hemodynamic characteristics. The pulsed-wave (PW)
Doppler mode can be used to measure the velocity of blood flow at valve openings based
on the frequency shift of emitted soundwaves relative to returning echoes. Data are
presented in real-time as velocity spectrograph waveforms, which contain a number of
important cardiac function parameters, such as heart rate, peak blood flow velocities, and
stroke distance. At the atrioventricular (AV) valve, these velocity waveforms display two
distinct peaks: the early (E)-wave velocity, which represents passive filling of the
ventricle, and the atrial (A)-wave velocity, which represents active atrial systole. The
ratio of these two velocities, known as the E/A ratio, is a key indicator of diastolic
function. The combined area underneath these waveforms represents the stroke distance,
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or distance travelled by the blood in one heartbeat. When atrioventricular valve area is
known, stroke distance can be used to determine the volume of blood that has entered the
ventricle (Lee et al., 2014). This ventricular inflow volume can subsequently be used as a
proxy for stroke volume to approximate cardiac output (Q), in conjunction with heart
rate. In all, PW Doppler offers an opportunity to quickly and noninvasively measure
additional parameters of cardiac function that can contribute to whole-animal
performance.
To date, noninvasive Doppler imaging has been used in a variety of fishes to examine
cardiac chamber morphology, detect cardiomyopathies, and estimate cardiac output
(Claireaux et al., 2005; Franklin and Davie, 1992b; Ho et al., 2002; Lai et al., 1998; Lai et
al., 2004; Sande and Poppe, 1995). Here, I show how a PW Doppler echocardiograph
system, originally designed for use in mice, can be adapted to assess parameters of
cardiac function in a juvenile salmonid (Atlantic salmon; Salmo salar, Linnaeus 1758).
As echocardiography is a common technique in the medical sciences, single-mode
systems designed for use in small mammalian models are readily available at relatively
low costs. I chose to use the Indus Doppler Flow Velocity (DFV) System (Fig. 2.1A;
Indus Instruments, USA), a compact system which was previously utilized with zebrafish
in a myocardial infarction study by Benslimane et al. (2019). Benslimane et al. (2019)
stabilized the test fish using a water-soaked sponge, which allowed for only a 5-minute
measurement window before anaesthesia wore off and the fish was returned to a recovery
tank. While this methodology is commonplace for echocardiography in zebrafish (Kang
et al., 2015; Lee et al., 2014; Wang et al., 2017), the lack of maintenance anaesthetics and
temperature control limit its usefulness in longer physiological experiments. I show how
this system can be used in conjunction with a recirculating, temperature-controlled water
bath to obtain hemodynamic measurements of cardiac function during acute warming and
assess the thermal performance of fHmax in anaesthetized fish. Further, I show how stroke
distance measurements obtained using this system can be used in conjunction with
measures of AV valve area to determine a proxy for stroke volume and subsequently,
derived cardiac output (QD). In all, this method offers a compact, nonsurgical, highthroughput screening tool for assessing cardiorespiratory thresholds for thermal
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performance in fish, concurrently with additional parameters of heart function which may
contribute to differences in whole-animal performance.

2.2 Materials and Methods
2.2.1

Experimental Animals

All experiments were carried out according to Western University Animal Use Protocol
2018-084 (Appendix A). The Atlantic salmon used in this study descended from the
LaHave River population (Nova Scotia, Canada; 44.4°N, 64.5°W) and were obtained as
fertilized eggs from the OMNRF (Ontario Ministry of Natural Resources and Forestry)
Normandale Research Facility (Vittoria, Ontario) in the Fall of 2017. Twenty-four hours
after fertilization, eggs were transported to a hatchery facility at the University of
Western Ontario and housed in egg trays at 7 ± 0.5°C. Once the endogenous yolk sacs of
the fish were nearly absorbed, ~4 months post-fertilization, fry were transferred to 40 L
Rubbermaid bins and the rearing temperature were raised to 11 ± 0.5°C. Increasing the
temperature at this stage mimics seasonal temperature variation and aides in transitioning
the salmon to exogenous feeding. Free-swimming fish were provided with pelleted feed
ad libitum throughout the rearing period (EWOS Commercial Feeds, Bergen, Norway).
Atlantic salmon were reared under these conditions for ~1.5 years post-fertilization
before Doppler echocardiography measures were performed.

2.2.2

Stabilization of Test Fish for Echocardiography

Juvenile Atlantic salmon (N= 8) were anaesthetized in water containing 100 mg L-1 of
MS-222 buffered with 200 mg L-1 sodium bicarbonate, then weighed for body mass (1025 ± 0.1 g). Once anaesthetized, the test fish was placed ventral side up in a purposemade holding reservoir (Fig. 2.1B) and maintained at its rearing temperature (11°C) with
recirculating water from a temperature-controlled water bath (VWR, Edmonton, AB,
Canada). The holding reservoir (originally described in Gradil et al. 2016) was
constructed from a short segment of PVC pipe (4.5-inch diameter) cut lengthwise and
capped at both ends to form a semicircular holding trough (Fig. 2.1B). Individuals were
maintained ventral side up in a weighted Styrofoam sling within the holding reservoir to
ensure correct orientation of the fish for PW Doppler measurements (Fig. 2.1C). While in
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the holding reservoir, fish were ram-ventilated with oxygenated water from the
recirculating water bath, containing a maintenance dose of anesthetic (75 mg L-1 of MS222 buffered with 150 mg L-1 sodium bicarbonate). An additional inflow to the holding
reservoir ensured the circulation of heated water (combined flow rate of 1.5 L min-1).
This ram-ventilation and temperature stabilization allows for measurements over an
extended period of time, if desired. Fish were given a 15-minute stabilization period in
the holding apparatus before DFV spectrograms were recorded. Reservoir water
temperature was continually measured with a digital thermometer (Omega, St-Eustache,
QC, Canada) to confirm the fish’s environmental temperature corresponded to the set
temperature of the water bath.
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Figure 2.1 Indus Doppler Flow Velocity System and stabilization of a juvenile
Atlantic salmon (Salmo salar) for echocardiograph measurements. A) The Doppler
echocardiograph system consists of a 20 MHz transducer probe (2 mm in diameter), the
Pulsed Doppler Transceiver (PDT), the Doppler Signal Digitizer (DSD), and a PC
computer equipped with the Doppler Signal Processing Workstation (DSPW) software.
B) The anaesthetized fish was placed ventral side up in the holding reservoir, submerged
in water that was maintained at a set temperature by a recirculating water bath and ramventilated (ventral view). C) The fish was supported by a weighted Styrofoam sling to
ensure proper orientation of the fish for Doppler measurements (lateral view). The
transducer probe was positioned perpendicular to the ventral side of the fish posterior to
the gills, such that D) the probe was aligned with the atrioventricular (AV) valve of the
heart, with blood flowing directly towards the probe (lateral view).
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2.2.3

Blood Flow Measurements Using the Indus Doppler Flow
Velocity System

The 20 MHz transducer probe (2 mm in diameter) was held perpendicular to the ventral
side of the fish, directly posterior to the gills (Fig. 2.1). Based on known anatomy of the
fish heart, this positions the probe such that blood moving through the atrioventricular
valve flows directly towards it (Fig. 2.1D), and care was taken to ensure parallel
alignment between the direction of the ultrasound beam and the direction of blood flow
(Benslimane et al., 2019). For each fish, probe adjustment was guided by previous
observations that the highest measured velocity best approximates true blood flow
velocity, since Doppler shift is maximized when insonation angle of the ultrasound beam
approaches zero (Wang et al., 2017). The small footprint of the DFVS probe (10-fold
smaller than dual-mode clinical probes) eases parallel alignment with blood flow and it
was previously shown that measurement error is below 1.5% when insonation angle is
within 10° of the direction of blood flow (Reddy et al., 2009). While previous
applications made use of the system’s fixed probe mount, I found that movement of the
fish relative to the mounted probe (due to water flow through the holding trough) led to
inconsistencies in signal acquisition. These inconsistencies were reduced by holding the
fish and probe in place, and checking to ensure maximum signal velocity between serial
measurements. Signals received by the Pulsed Doppler Transceiver (PDT) were digitized
by the Doppler Signal Digitizer (DSD) and displayed on the Doppler Signal Processing
Workstation (DSPW) as continuous, real-time grayscale DFV spectrograph waveforms
(Fig. 2.1A).

2.2.4

Analysis of Velocity Spectrograph Waveforms for Cardiac
Function Metrics

Spectrograms were processed in the system’s DSPW software to calculate metrics of
cardiac function. Technical specifications are provided in Appendix B. Spectrograph
waveforms were analyzed for parameters of atrioventricular blood flow using the ‘Mitral
Inflow’ mode in the software’s ‘Analysis Control Window’ (Appendix B). Heart rate
(beats min-1) was calculated by identifying the number of peaks in a known time duration
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using the software’s ‘Beat Editor’. Using the ‘Marker Editor’, markers were placed at the
‘Early Flow Start’ (ES), ‘Early Flow Peak Velocity’ (EPV), ‘Early Flow End Atrial Flow
Start’ (EEAS), ‘Atrial Flow Peak Velocity’ (APV), and ‘Atrial Flow End’ (AE) of each
beat, as shown in Fig. 2.2. The software’s ‘Envelope Editor’ automatically traced the
edges of each spectrogram with a yellow line, which is used to calculate stroke distance
and aided in the placement of markers (Fig. 2.2). Based on these markers, the software
calculated A-peak velocity, A-stroke distance, E-peak velocity, E-stroke distance, and EA peak velocity ratio. For each metric, the software averaged the values across selected
beats (n = 10) and reported results as mean ±SD in the ‘Measurement Results’ tab. Astroke distance and E-stroke distance represent the area under the A- and E-peaks,
respectively. These values for area under the A- and E-peaks can be totalled to obtain the
total stroke distance per beat.
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Figure 2.2 Doppler spectrograph analyzed for parameters of atrioventricular blood
flow. The early flow start (ES) marker represents the beginning of blood flow through the
atrioventricular (AV) valve and is placed at the point where velocity increases from zero
at the start of the early (E)-wave. The E-peak velocity (EPV) marker is placed at the
maximum velocity of the E-wave. The early flow velocity end, atrial flow start (EEAS)
marker is placed at the point where velocity begins to increase again following the Ewave, at the start of the atrial (A)-wave as the atrium contracts. The A-peak velocity
(APV) marker is placed at the maximum velocity of the A-wave, which also represents
overall peak blood flow through the AV valve. Finally, the atrial flow end (AE) marker is
placed at the point where velocity returns to zero and represents the closing of the AV
valve. Heart rate can be calculated by placing beat markers at the same landmark of each
waveform.
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2.2.5

Thermal Performance of Cardiac Function

Once transferred to the holding reservoir, anesthetized fish were maintained at their
rearing temperature for a 15-minute stabilization period, after which DFV spectrograms
were recorded to measure baseline heart rate and AV blood flow.

According to

Casselman et al. (2012), fish were pharmacologically stimulated to reach fHmax using
intraperitoneal injections of 1.2 mg kg-1 atropine sulphate (Sigma-Aldrich, St. Louis, MO,
USA) and 4 μg kg-1 isoproterenol (Sigma-Aldrich, St. Louis, MO, USA); both agents
were dissolved in 0.9% NaCl. Atropine sulphate was used to block vagal tone whereas
isoproterenol was used to fully stimulate adrenergic β-receptors. Each injection was
followed by a 15-minute equilibration period. A stepwise temperature increase was
applied in 1°C increments every 6 minutes (Casselman et al., 2012). After each 1°C
increase, temperature and fHmax were allowed to stabilize briefly before spectrograph
waveforms of the fish’s heartbeat were recorded (Fig. 2.3A). Spectrograms were
manually saved in 30 second intervals (10 per temperature) for later analysis of fHmax and
blood flow velocity. Once spectrograms displayed a shift from rhythmic to arrhythmic
heartbeats (Fig. 2.3A), the fish was removed from the apparatus and euthanized by lethal
overdose of MS-222.
TAB was calculated for fHmax in SigmaPlot 13.0 (Systat Software, San Jose, CA, USA) as
described by Muñoz et al. (2015). Briefly, the natural logarithm of fHmax was plotted as a
function of the inverse of temperature (K) to generate an Arrhenius plot for each fish
(Fig. 2.3B). Using the software’s ‘Dynamic Fit Wizard’, a piecewise, two-segment linear
equation was applied to fit a biphasic line to the data. The point at which the slope
changed represents the Arrhenius breakpoint temperature, TAB (Yeager and Ultsch, 1989)
and corresponds to the temperature at which temperature-induced increases in fHmax
shifted to a lower exponent (Fig. 2.3B). For each fish, I also identified the temperatures at
which fHmax, stroke distance, and derived cardiac output were maximized (denoted as
TpeakfH, TpeakSD, and TpeakQD, respectively). Cardiac arrythmia temperature, TArr, was
identified as the temperature at which arrythmias occurred in the spectrograph waveforms
(Fig. 2.3A).
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Figure 2.3 Determining cardiorespiratory thresholds for thermal performance using
Doppler spectrographs. A) Doppler spectrographs recorded at the acclimation
temperature (11°C), Arrhenius breakpoint temperature (TAB; 15°C), and arrythmia
temperature (TArr; 26°C) of a juvenile Atlantic salmon (Salmo salar). B) Arrhenius
breakpoint temperature (TAB) analysis of maximum heart rate (fHmax) for a juvenile
Atlantic salmon exposed to an acute warming event following pharmacological
stimulation of fHmax. The natural log of maximum heart rate (ln(ƒHmax)) was plotted
against temperature, and the discontinuity in temperature-induced increases in fHmax,
which represents TAB, was determined using a piecewise, two-segment linear regression.
TAB is denoted by *.
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2.2.6

Histological Measures of Atrioventricular Valve Diameter

Following DFV measures and euthanasia, fish were fixed in 10% neutral buffered
formalin (VWR, Radnor, PA, USA) for subsequent histological sectioning. After 48
hours, the midsection of the fish was trimmed (anterior to the eyes and posterior to the
pectoral fins) and returned to 10% neutral buffered formalin for an additional 72 hours.
Following serial dehydration, the dissected specimen was stored in 70% ethanol and sent
to the Robarts Molecular Pathology Facility (London, Ontario) for embedding and
histological sectioning. Serial sections (10 µm thickness) were taken through the sagittal
plane, traversing the heart, and stained with Hematoxylin and Eosin (H&E). Sections
were imaged using an Olympus SZX9 dissecting microscope equipped with an OPTIKA
C-B5 camera and analyzed in OPTIKA PROView (OPTIKA Srl, Ponteranica, BG, Italy).
The diameter of the atrioventricular (AV) valve opening was measured in serial sections
to determine the maximum diameter (Fig. 2.4), which was used in subsequent volume
calculations. In lieu of histological analysis, diameter of the AV valve can be measured
directly in dissected hearts or estimated using scaling relationships based on body mass.
Area of the AV valve was calculated for each fish using the formula πr2, where r
represents valve radius (Lee et al., 2014).
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Figure 2.4 Histological determination of atrioventricular (AV) valve diameter.
Haematoxylin and Eosin (H&E) stained sagittal section (thickness = 10 μM) of an
Atlantic salmon (Salmo salar) yearling. Width of the atrioventricular (AV) valve opening
(red line) was measured in OPTIKA PROView (OPTIKA Srl, Ponteranica, BG, Italy) for
each slide, and the maximum diameter was then used for subsequent analysis. Label
abbreviations: A = atrium; BA = bulbus arteriosus; V = ventricle.

48

2.2.7

Volume Calculations

Where calculations of absolute blood volume are not required, stroke distance offers a
useful metric for assessing relative changes in chamber function. Multiplying total stroke
distance (cm) by the cross-sectional area of the AV valve (cm2) gives the ventricular
inflow volume (cm3, or mL) for a given cardiac cycle (Lee et al., 2014). For each fish, I
calculated the ventricular inflow volume at each temperature by multiplying the AV
valve area for that fish by the total stroke distance at that temperature. In salmonids,
ejection fraction of the ventricle approaches zero and acute changes in stroke volume are
predominantly governed by ventricular filling pressure and inflow volume (FrankStarling mechanism; Franklin and Davie, 1992b; Keen et al., 2017). While contractility
can become compromised at high temperatures, ventricular inflow volume can be used to
approximate stroke volume assuming low beat-to-beat variation in ejection fraction at a
given temperature. Derived cardiac output (QD; mL min-1) was calculated by multiplying
ventricular inflow volume (stroke distance multiplied by valve area) by heart rate at each
temperature (Seymour et al., 2020). For comparative purposes, ventricular inflow volume
and QD are expressed per kg of body mass (mL kg-1 and mL min-1 kg-1, respectively).

2.2.8

Statistical Analysis

Statistical analyses were performed using SigmaPlot 13.0 (Systat Software, San Jose,
CA, USA). Temperature effects on mean (± SEM) cardiac performance variables were
assessed using a one-way repeated measures (temperature) ANOVA. Significant
temperature effects were further explored by multiple comparisons testing (Holm-Sidak
method) to identify points that were significantly different from the initial value at 11°C.
Significance was considered at p < 0.05.

2.3 Results
Velocity signals were successfully obtained in all test fish across this size and
temperature range. Anecdotally, I have obtained velocity signals in juvenile salmonids up
to 150 g in size; however, the rate of successful signal capture can wane in larger fish due
to the 1 cm signal range of the 20 MHz transducer probe.
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Maximum heart rate (fHmax) increased with temperature during acute warming (F13,88 =
136.2, p < 0.001; Fig. 2.5A), with peak fHmax occurring between 23-25°C. The mean peak
fHmax calculated from Doppler spectrographs was 157.0 ± 2.1 beats min-1; Table 2.1) and
the mean temperature at which peak fHmax occurred (TpeakfH) was 23.8 ± 0.3°C (Table 2.2).
The TAB for fHmax was easily pinpointed in each of our test fish (Fig. 2.6), with a mean
TAB of 15.7 ± 0.7°C (Table 2.2). Onset of cardiac arrythmias occurred between 24-27°C
and mean TArr was 25.0 ± 0.4°C (Table 2.2).
In addition to measures of fHmax, I took hemodynamic measurements of heart function
during acute warming (Fig. 2.5). Stroke distance peaked at or near the fish’s routine
temperature of 11°C (11-13°C) and subsequently declined with warming (F13,88 = 18.2, p
< 0.001; Fig. 2.5B), resulting in a mean TpeakSD of 11.5 ± 0.3°C (Table 2.2). Measures of
stroke distance were used to calculate ventricular inflow volume, in conjunction with
measures of AV valve area (0.001-0.003 cm2; Table 2.1). Ventricular inflow volumes
ranged from 0.26-0.62 mL kg-1 and mean peak inflow volume was 0.43 ± 0.04 mL kg-1.
Acute warming had a significant effect on cardiac output (F13,88 = 2.7, p < 0.01; Fig.
2.5C), however, the temperature at which peak QD occurred was highly variable, ranging
from 13-25°C (mean TpeakQD = 20.9 ± 1.5°C; Table 2.2). Peak QD values ranged from
21.6-71.9 mL min-1 kg-1, with a mean value of 42.2 ± 5.5 mL min-1 kg-1. Peak atrial flow
velocity (APV) ranged from 31.1-47.0 cm/s (mean = 38.0 ± 2.1 cm/s), while peak early
flow velocity (EPV) ranged from 5.0-7.6 cm/s (mean = 5.4 ± 0.4 cm/s). Mean E/A
velocity ratio was 0.17 ± 0.01 (Table 2.1) at the routine temperature of 11°C, and tended
to decline as temperature increased (F13,88 = 1.9, p < 0.05; Fig. 2.5D).
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Figure 2.5 Influence of acute warming on cardiac performance in juvenile Atlantic
salmon (Salmo salar). Data are presented as means ± SEM (N = 8) for A) maximum
heart rate (fHmax), B) stroke distance, C) derived cardiac output (QD) and D) E/A ratio.
Asterisks (*) denote statistically significant differences from the initial value at 11°C (p <
0.05).
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Table 2.1 Morphology and cardiac function measures (obtained using pulsed-wave
Doppler echocardiography) for juvenile Atlantic salmon (Salmo salar).
Measure
Body mass (g)
AV valve area (cm2)
Peak fHmax (beats min-1)

Mean
15.1 ± 1.8
0.002 ± 0.3 x10-4
157.0 ± 5.9

Peak APV (cm/s)

38.0 ± 2.1

Peak EPV (cm/s)

5.4 ± 0.4

Routine E/A ratio

0.17 ± 0.01

Peak stroke distance (cm)

3.1 ± 0.1

Peak inflow volume (mL kg-1)

0.43 ± 0.04

Peak QD (mL min-1 kg-1)

42.2 ± 5.5

Note: AV, atrioventricular; APV, A-peak velocity; EPV, E-peak velocity; QD, derived
cardiac output. Data presented as means ± SEM. N= 8.
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Figure 2.6 Modified Arrhenius plots of the natural log of maximum heart rate
(ln(fHmax)) against temperature for individual Atlantic salmon (Salmo salar)
subjected to an acute warming event following pharmacological stimulation of fHmax.
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Table 2.2 Thermal performance measures for juvenile Atlantic salmon (Salmo salar)
obtained using pulsed-wave Doppler echocardiography.
Measure

Mean

TAB (°C)

15.7 ± 0.6

TArr (°C)

25.0 ± 0.4

TpeakfH (°C)

23.8 ± 0.3

TpeakSD (°C)

11.5 ± 0.3

TpeakQD (°C)

20.9 ± 1.5

Note: TAB, Arrhenius breakpoint temperature; TArr, temperature at onset of cardiac
arrythmias; TpeakfH , temperature for peak fHmax; TpeakSD, temperature for peak stroke
distance; TpeakQD , temperature for peak derived cardiac output. Data presented as means
± SEM. N= 8.
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2.4 Discussion
For the first time in a salmonid, I used a small-rodent Doppler flow velocity system to
assess multiple parameters of cardiac function across a range of experimental
temperatures. Previous studies have demonstrated through co-registration of ECG and
Doppler echocardiography that heart rates determined via frequency analysis of velocity
waveforms are congruent with heart rate determinations from ECG (Lee et al., 2014;
Perez et al., 2021; Seymour et al., 2020). Measures of peak fHmax obtained here (mean of
157 ± 5.9 beats min-1; Table 2.1) are comparable to previously reported values for
juvenile coho salmon (Oncorhynchus kisutch, 143 beats min-1; Casselman et al., 2012),
Chinook salmon (153 beats min-1; Muñoz et al., 2015), and Atlantic salmon (149-176
beats min-1; Anttila et al., 2014; Gradil et al., 2016) obtained using the methodology of
Casselman et al. (2012). Further, TAB was successfully pinpointed in all test fish (mean of
16.7°C; Table 2.2), producing values which are similar to previous estimates in juvenile
Atlantic salmon (14.7-17.0°C; Anttila et al., 2014; Gradil et al., 2016). These findings
demonstrate that Doppler echocardiography can be used in place of ECG electrodes to
reliably capture fHmax during acute warming and determine cardiorespiratory thresholds
for thermal performance (Fig. 2.6).
In addition to measurements of fHmax, I simultaneously measured a number of
hemodynamic parameters of heart function that cannot be obtained using ECG, such as
the E/A ratio (Table 2.1). The E/A velocity ratio is a commonly used metric for assessing
diastolic function, or filling of the ventricle. Contrary to mammals, the peak velocity of
the A-wave exceeds that of the E-wave in fish (Fig. 2.2), yielding routine E/A ratios less
than 1 (Lee et al., 2014). E/A ratios reported here (0.14-0.21 at 11°C) fell within the
range of previously reported values in zebrafish (0.12-0.37; Ho et al., 2002; Sun et al.,
2008; Lee et al., 2014, 2016; Kang et al., 2015; Wang et al., 2017). However, the E/A
ratio trended downward during acute warming, suggesting that diastolic filling becomes
impaired as heart rate increases with temperature (Fig. 2.5D).
In a notable advancement, I determined ventricular inflow volume of the ventricle using
PW Doppler-derived measurements of stroke distance, together with histologically
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determined measures of AV valve area (Table 2.1). I used ventricular inflow volume as a
proxy for stroke volume, assuming low variation in ejection fraction between heartbeats
at a given temperature. Indeed, the ventricular inflow volumes reported here (mean of
0.43 ± 0.04 mL kg-1 at maximum; Table 2.1) are comparable to stroke volumes reported
in other salmonid species (0.2-1.2 mL kg-1; Clark et al., 2008; Steinhausen et al., 2008;
Eliason et al., 2013; Morgenroth et al., 2021). By measuring fHmax simultaneously with
this proxy for stroke volume, this system allowed us to determine derived cardiac output
across a range of experimental temperatures. QD values from the present study (mean of
42.2 mL min-1 kg-1; Table 2.1) fall within the range of peak cardiac output values
obtained in salmonids fitted with Transonic blood flow probes (17-110 mL min-1 kg-1;
Clark et al., 2008; Steinhausen et al., 2008; Eliason et al., 2013; Ekström et al., 2017;
Morgenroth et al., 2021). While these internal flow probes are commonly used to
measure cardiac output in fish, test fish must be large enough for the equipment to be
properly placed and supported for the duration of the experiment (Eliason et al., 2013).
Furthermore, presence of the instrument within the body cavity and tissue damage
resulting from surgery may affect results (Clark et al., 2011; Perez et al., 2021). The
methodology described here allows for nonsurgical estimates of cardiac output in
juvenile salmonids and other small fishes.
During acute warming or aerobic exercise, cardiac output must increase to meet rising
oxygen demands. However, in most teleosts, as the frequency of heart contractions
increases, diastolic filling and systolic force of the heart are reduced. This creates a
negative force–frequency relationship between heart rate and stroke volume, limiting a
fish’s ability to increase cardiac output through increases in heart rate (Driedzic and
Gesser, 1988; Shiels et al., 2002). Indeed, I observed increases in fHmax during acute
warming, concomitantly with decreases in stroke distance (Fig. 2.5). Interestingly,
declines in stroke distance began to plateau at temperatures beyond the TAB for fHmax,
when the rate at which fHmax increases with temperature slows. Similar patterns in heart
rate and stroke volume were demonstrated in unanesthetized rainbow trout
(Oncorhynchus mykiss) fitted with internal blood flow probes during determinations of
CTmax (Morgenroth et al., 2021). Our findings demonstrate the utility of this system as a
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nonsurgical method for estimating changes in cardiac output and investigating forcefrequency dynamics across a range of experimental temperatures.
The Indus Doppler Flow Velocity system was previously used to obtain heart rate and
blood flow velocity measures in adult zebrafish, following cryoinjury of the heart (0.50.7 g; Benslimane et al., 2019). Here, I extend the size range for fishes to include juvenile
salmonids (10-25 g). The maximum signal range of the transducer probe sets the upper
limit for specimen body size. For the 20 MHz transducer probe used here, the
atrioventricular valve of the heart must be within 1 cm of the tip of the probe to obtain a
proper signal. However, Indus Instruments also offers a 10 MHz transducer probe with a
maximum signal range of 2 cm for use in larger animals. I also introduced a method for
extending the timeframe for obtaining Doppler measurements in fish and introduced
temperature control. By ram-ventilating the fish in a recirculating water bath, I was able
to stabilize fish in this system for up to three hours of experimentation and conducted
measurements across a 20°C temperature range (11-31°C). However, should rapid
measurements be preferred, fish need only be anaesthetized and maintained in an upsidedown position for as little as 30 seconds to obtain valuable information about heart
function. Recently there have been a number of studies demonstrating how thermal
performance experiments can be performed on salmonids in remote field settings
(Donnelly et al., 2020; Gilbert et al., 2020). The minimal space requirement (1 ft2) and
handheld nature of this echocardiography system make it especially suited for use in
unconventional experimental settings such as these.
The primary limitation of this DFV methodology is the requirement that specimens are
immobile to allow proper placement of the probe. While there is some debate
surrounding the ecological relevance of thermal tolerance estimations in anesthetized
individuals, these sub-lethal indices of thermal limitation (TAB and TArr) are perhaps of
greater relevance to natural processes than measures of lethal thermal tolerance taken in
unanesthetized individuals (such as CTmax), as they occur at lower temperatures that are
more commonly encountered in natural settings (Gilbert et al., 2020). As such, measures
of cardiorespiratory thresholds for thermal tolerance are increasingly being used to
predict population-specific impacts of warming river temperatures and subsequently
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develop evidence-based management strategies (Cooke et al., 2012; DFO, 2012; Farrell
et al., 2008).
In summary, I showed that a mouse echocardiograph system can be used in juvenile
salmon to measure key parameters of cardiac function, including fHmax, blood flow
velocity, the E/A velocity ratio, and inflow volume of the ventricle. These measures can
subsequently be used to approximate cardiac output and assess chamber function,
painting a detailed picture of heart function. I also demonstrated how Doppler
echocardiograph systems can be used to assess thermal performance of cardiac function
during acute warming. Recent salmon die-offs during spawning migrations have been
linked to collapses in cardiac scope due to anomalously high temperatures (Farrell et al.,
2008; Martin, 2019). High water temperatures are also known to limit juvenile survival,
impeding conservation efforts during freshwater life stages (Crozier and Zabel, 2006). As
climate change increases the frequency of record heat events and threatens wild salmonid
populations, it is increasingly important to develop tools to efficiently study the cardiac
physiology of these fish across life stages, as it limits thermal performance, swimming
capacity, and lifetime fitness.
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Chapter 3

3

Temperature-Dependent Developmental Plasticity
Mediates Heart Morphology and Thermal Performance of
Cardiac Function in Juvenile Atlantic Salmon (Salmo salar)

A version of this chapter has been submitted to The Journal of Experimental Biology:
Muir, C. A., Garner, S. R., Damjanovski, S., and Neff, B. D. (2021). Temperaturedependent developmental plasticity mediates heart morphology and thermal
performance of cardiac function in juvenile Atlantic salmon (Salmo salar). J. Exp.
Biol. JEXBIO/2021/243620.

3.1 Introduction
Anthropogenic climate change is projected to have extensive impacts on biodiversity, as
temperature highly constrains the physiological processes of ectothermic organisms
(Dillon et al., 2010; Kappelle et al., 1999). As average global temperatures increase, it is
also projected that the frequency and severity of transient heat waves will increase (IPCC,
2021). Organisms will therefore have to contend with warmer temperatures throughout
their lives, as well as unprecedented acute temperature events. Over short timeframes, the
ability of organisms to cope with these thermal challenges will depend predominantly on
their current proximity to upper thermal limits and capacity for phenotypic plasticity in
response to warmer temperatures (Crozier and Hutchings, 2014; Huey et al., 2012;
Pörtner and Peck, 2010; Somero, 2010). It is therefore important to understand whether
key thermal performance traits show plasticity in response to elevated temperature in
ectotherms, as well as the proximate mechanisms through which that plasticity is
achieved.
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In many fishes, cardiorespiratory traits are thought to play a key role in the response to
warming through their influence on aerobic scope. Aerobic scope is the difference
between an organism’s minimum and maximum oxygen consumption rates, which
represents their capacity to perform aerobic activities like swimming (Fry, 1947).
Aerobic scope is maximized at an optimum temperature (TOpt) and then declines as
standard metabolic rate increases exponentially with further warming. In fishes,
increasing heart rate is the primary mechanism for meeting increased tissue oxygen
demands during acute warming (Eliason and Anttila, 2017; Farrell, 2009). However, at an
inflection point known as the Arrhenius breakpoint temperature (TAB), temperaturedependent increases in maximum heart rate (fHmax) begin to slow. When this occurs, there
is a corresponding limitation in aerobic scope that ultimately sets TOpt (Anttila et al.,
2013a; Casselman et al., 2012). Once fHmax reaches its maximum capacity, further
increases in temperature will result in the onset of cardiac arrythmias (TArr), just below
the temperature at which aerobic scope functionally collapses (known as the upper
critical temperature, TCrit) (Anttila et al., 2013a; Casselman et al., 2012; Clark et al., 2008;
Farrell, 2009). Thus, there is a mechanistic relationship between fHmax and aerobic scope
during warming. Acute warming experiments have also demonstrated that cardiac output
(Q) —the product of heart rate and stroke volume— peaks and subsequently declines at
temperatures below TCrit in most fish species (Clark et al., 2008; Ekström et al., 2016;
Eliason et al., 2013; Farrell et al., 1996; Gollock et al., 2006; Mendonça and Gamperl,
2010; Penney et al., 2014; Sandblom and Axelsson, 2007). Cardiac performance has
therefore been implicated as a primary determinant of upper thermal tolerance in fishes
and traits which improve aerobic capacity may act as proximate drivers of thermal
performance (Farrell, 2009; Pörtner and Knust, 2007).
Indeed, traits conferring increased cardiac capacity have been linked to improved upper
temperature tolerance in many fishes. In Atlantic salmon (Salmo salar), Chinook salmon
(Oncorhynchus tshawytscha), redband trout (Oncorhynchus mykiss gairdneri), and the
common killifish (Fundulus heteroclitus), individuals with higher upper thermal limits
were shown to have higher peak heart rates (Anttila et al., 2014b; Chen et al., 2018;
Muñoz et al., 2015; Safi et al., 2019). Relative ventricle size, which correlates with stroke
volume (Franklin and Davie, 1992), was shown to be positively correlated with heat
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tolerance in both Atlantic salmon (Anttila et al., 2013b) and European sea bass
(Dicentrarchus labrax; Ozolina et al., 2016). Oxygen supply to the heart itself is also
thought to limit aerobic scope and thermal tolerance in fishes (Clark et al., 2008; Ekström
et al., 2017; Farrell, 2009). In over half of all teleost species, the ventricular wall is
comprised solely of a spongy myocardium that receives its oxygen supply from the
oxygen that remains in the luminal venous blood after the oxygen demands of systemic
tissues have been met (Davie and Farrell, 1991). In athletic teleosts, such as salmonids,
the spongy myocardium is encased by a compact myocardium which receives an oxygenrich coronary blood supply from the gills (Davie and Farrell, 1991). The relative
thickness of the compact myocardium appears to vary with the metabolic requirements of
a fish’s life history, both interspecifically and intraspecifically (Davie and Farrell, 1991;
Eliason et al., 2011; Graham and Farrell, 1992; Pombo et al., 2012; Santer and Walker,
1980). In Oncorhynchus mykiss, Graham and Farrell (1992) found that anadromous fish
had thicker compact myocardial layers compared to lake-dwelling conspecifics
‒presumably to help meet the greater aerobic demands associated with migration.
Similarly, Eliason et al. (2011) demonstrated that sockeye salmon (Oncorhynchus nerka)
with more metabolically challenging migration routes possessed larger ventricles with
improved coronary blood supplies. The pyramidal shape of the salmonid ventricle is also
pivotal to optimal cardiac performance, with ventricular roundness negatively correlating
with cardiac output and critical swim speed (Claireaux et al., 2005). Altogether, there is a
clear link between heart morphology, cardiac performance, and aerobic capacity in active
fishes such as salmonids.
In recent years, extreme heat events have had catastrophic impacts on migration success
and survival across species of salmonids (Baisez et al., 2011; Farrell et al., 2008; Hinch et
al., 2012; Martins et al., 2011; Martins et al., 2012), which numerous studies have
attributed to cardiorespiratory limitations on aerobic performance at elevated
temperatures (Crossin et al., 2008; Eliason et al., 2011; Farrell et al., 2008; Martins et al.,
2012). While thermal tolerance in salmonids tends to be locally adapted to the historical
conditions of ancestral rivers (Chen et al., 2015; Eliason et al., 2011; Gradil et al., 2016;
Poletto et al., 2017; Verhille et al., 2016), experimental manipulations have demonstrated
a significant role for phenotypic plasticity in determining the thermal performance of
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cardiac function. Acclimation to a common temperature can erase population differences
in upper thermal tolerance (Anttila et al., 2014b), while developing under warmer thermal
conditions can increase the optimal temperature for cardiac performance (Muñoz et al.,
2015). Indeed, temperature-dependent developmental plasticity can have dramatic and
persistent effects on the thermal performance of fishes throughout their lives (Crozier and
Hutchings, 2014; Scott and Johnston, 2012). In zebrafish, exposure to elevated
temperatures during embryonic development was shown to increase thermal acclimation
capacity later in life and improve thermal hardiness (Scott and Johnston, 2012). As rates
of climate warming threaten to outpace adaptation (Morgan et al., 2021; Muñoz et al.,
2015), it is important to understand how the cardiorespiratory system of fishes can
respond to a warmer thermal environment over developmental time.
The purpose of this study was to assess the capacity for developmental plasticity in the
acute heat tolerance of juvenile Atlantic salmon (Salmo salar, Linnaeus 1758), while
investigating potential mechanistic underpinnings in heart morphology and function. To
this end, I reared Atlantic salmon under present-day (+0°C) or projected future
temperature conditions (+4°C) from fertilization (IPCC, 2021; Muñoz et al., 2015). In
juvenile salmon, I measured the response of fHmax to warming using a noninvasive
Doppler echocardiograph system (Muir et al., 2021), in order to determine
cardiorespiratory thresholds for thermal performance (TAB, TArr) in the two
developmental treatments. In addition to measures of fHmax, I simultaneously measured
blood flow at the atrioventricular valve. Stroke distance, the distance travelled by the
blood during a cardiac cycle, was used as a proxy for how stroke volume responds to
acute warming (as volume is calculated by multiplying stroke distance by valve area).
Measures of fHmax and stroke distance were also used in conjunction with estimates of
AV valve area to calculate derived cardiac output (QD) as a function of temperature (Muir
et al., 2021). Using histology, I examined morphological characteristics of the heart
which were previously associated with improved aerobic performance in salmonids,
comprising the proportion of compact myocardium in the ventricle, ventricular
roundness, and relative ventricle size. I additionally examined relative ventricle size via
measures of relative ventricular mass (RVM). If there is developmental plasticity in the
thermal performance of heart function, I would expect fish raised at elevated
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temperatures (+4°C) to display increased thermal limits for cardiorespiratory
performance. I predicted that such plasticity in heat tolerance would be associated with an
increase in maximum cardiovascular capacity. Furthermore, I predicted that plasticity in
thermal performance would be associated with morphological changes in the heart that
enhance aerobic capacity in salmon (e.g., larger, more pyramidal ventricles with higher
proportions of compact myocardium). The overall goal was to elucidate how the thermal
conditions experienced during development may affect thermal performance phenotypes
later in life, and provide insight into the mechanistic drivers of improved thermal
tolerance at the level of the heart.

3.2 Materials and Methods
3.2.1

Experimental Animals and Rearing Treatments

Atlantic salmon descended from the LaHave River population (Nova Scotia, Canada;
44.4°N, 64.5°W) were obtained as fertilized eggs from the OMNRF (Ontario Ministry of
Natural Resources and Forestry) Normandale Research Facility (Vittoria, Ontario) in the
Fall of 2016 and 2017. Eggs were transported to a hatchery facility at the University of
Western Ontario 24 hours after fertilization and assigned to one of two thermal
treatments: present-day (+0°C) or projected future temperature conditions (+4°C). Eggs
were transitioned to their target temperature over the course of two hours using water
baths, before being transferred into one of two vertical incubators corresponding to their
designated temperature treatment. The rearing temperatures selected for early
development were 7°C for the present-day treatment and 11°C for the projected warming
treatment, both of which occur during the autumn spawning season in the LaHave River
(Harding Gradil, 2015). I selected a 4°C temperature differential because this falls within
the range of estimated increases in average surface temperature by the year 2100, both
globally and within Canada (Cohen et al., 2019; IPCC, 2021). Further, a 4°C difference
in developmental temperature was previously used by our group to assess developmental
plasticity in thermal tolerance in a wild population of Chinook salmon (Muñoz et al.,
2015). OMNRF recommends that Atlantic salmon eggs are incubated between 7-10°C in
hatcheries (OMNRF, 2010). Thus, I selected 7°C as the egg incubation temperature for
the present-day treatment, as this would allow for a 4°C temperature differential between
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treatments, while keeping projected warming group as close to the recommended
incubation range as possible (11°C). The temperature experienced by parental LaHave
salmon at the time of spawning was 7.9°C. Water temperatures were maintained within
0.5°C of the specified treatment temperatures throughout the experiment. As fish
approached the conclusion of the endogenous feeding phase (approximately 4 months
post-fertilization for +0°C-fish and 2.5 months for +4°C-fish), emerged fry were
transferred to 40 L tanks and the rearing temperatures were raised to 11°C and 15°C,
respectively. This temperature increase mimics seasonal temperature change and aides in
the transition to exogenous feeding. Fish were then provided with pelleted feed ad libitum
for the remainder of the rearing period (EWOS Commercial Feeds, Bergen, Norway).
Thermal performance and cardiac function trials were performed in 1+ yearlings (~1 year
post-fertilization for +4°C-fish and ~1.5 years post-fertilization for +0°C-fish). All
experiments were carried out according to Western University Animal Use Protocol
2018-084 (Appendix A).

3.2.2

Thermal Performance of Cardiac Function

Blood flow at the atrioventricular valve was measured in juvenile Atlantic salmon using
the Indus Doppler Flow Velocity (DFV) System, as previously described in Chapter 2
(Muir et al., 2021). Test fish were anaesthetized using 100 mg L-1 of MS-222 buffered
with 200 mg L-1 sodium bicarbonate, and body mass was then measured. Anaesthetized
fish were stabilized in a weighted sling (ventral side up) within a holding reservoir to
ensure correct orientation for placement of the Doppler probe. Individuals were ramventilated and maintained at their respective rearing temperatures (11°C or 15°C) with
recirculating water from a temperature-controlled water bath (VWR, Edmonton, AB,
Canada) containing a maintenance dose of anesthetic (75 mg L-1 of MS-222 buffered
with 150 mg L-1 sodium bicarbonate). Reservoir water temperature was monitored with a
digital thermometer (Omega, St-Eustache, QC, Canada).
Following a 15-minute stabilization period in the holding reservoir, the 20 MHz
transducer probe was held perpendicular to the ventral side of the fish, posterior to the
gills, such that direction of the probe’s ultrasound beam was parallel to the direction of
blood flow through the atrioventricular valve of the heart. Signals were digitized and
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displayed as continuous, real-time grayscale DFV spectrograph waveforms in the
Doppler Signal Processing Workstation (DSPW) software (Indus Instruments, Houston,
TX, USA). Baseline spectrographs were visually examined to ensure normal heart
function before starting the thermal performance trial. Fish were then pharmacologically
stimulated to reach fHmax using intraperitoneal injections of 1.2 mg kg-1 atropine sulphate
(Sigma-Aldrich, St. Louis, MO, USA) and 4 μg kg-1 isoproterenol (Sigma-Aldrich, St.
Louis, MO, USA) dissolved in 0.9% NaCl, following Casselman et al. (2012). Atropine
sulphate was administered to block vagal tone, while isoproterenol was used to fully
stimulate adrenergic β-receptors. Each injection was followed by a 15-minute
equilibration period, then a stepwise temperature increase was applied in 1°C increments
every 6 minutes (Casselman et al., 2012). Temperature and fH were allowed to stabilize
briefly after each 1°C increase, and spectrograph waveforms of atrioventricular blood
flow were recorded in 30 second intervals at each temperature (10 per temperature). Once
a shift from rhythmic to arrhythmic heart beats appeared in the spectrogram, the fish was
removed from the apparatus and euthanized by lethal overdose of MS-222. In a subset of
fish (N= 12 per treatment), the ventricle was excised, rinsed twice with PBS to remove
excess blood, and weighed for determinations of relative ventricular mass (RVM).
Relative ventricular mass was calculated using the formula RVM=(MV/MB)×100, where
MV is ventricle mass (g) and MB is body mass (g).
Velocity spectrographs were later processed in DSPW to calculate fHmax and total stroke
distance at each temperature, following Muir et al. (2021). Measures of fHmax and stroke
distance were subsequently used to calculate derived cardiac output across temperature,
in conjunction with estimates of AV valve area (described in detail below). From these
data, I determined peak fHmax, stroke distance, and derived cardiac output for each fish,
and identified the temperatures that these peak measures occurred at (TpeakfH, TpeakSD, and
TpeakQD, respectively). In total, Doppler spectrographs were analyzed for 33 fish from the
+0-treatment and 22 from the +4-treatment. An additional 24 fish were removed from
analyses because the echocardiography signal was of insufficient quality, or the
pharmacological injections had atypical effects.
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Measures of fHmax from Doppler spectrographs were also used to determine the Arrhenius
breakpoint temperature (TAB) of fHmax and arrhythmia temperature (TArr). TAB was
calculated in SigmaPlot 13.0 (Systat Software, San Jose, CA, USA) as described by
Muñoz et al. (2015). Briefly, an Arrhenius plot was generated for each fish by plotting
the natural logarithm of fHmax as a function of the inverse of temperature (K). A
piecewise, two-segment linear equation was applied to fit a biphasic line to the data using
the software’s ‘Dynamic Fit Wizard’ tool. The point at which the slope changed,
representing the point at which temperature-induced increases in fHmax shift to a lower
exponent, was identified as the Arrhenius breakpoint temperature, TAB (Yeager and
Ultsch, 1989). TArr, which signifies the upper thermal limit for cardiac performance, was
identified as the temperature at which arrythmias appeared in the spectrograph
waveforms.

3.2.3

Heart Histology

Following thermal performance trials, a subset of 10 fish per treatment were prepared for
histological sectioning. To ensure that all hearts were in diastole prior to fixation, an
intraperitoneal injection of 100 mg kg-1 KCl was administered immediately prior to
placement in the MS-222 euthanasia bath. Euthanized fish were then fixed in 10% neutral
buffered formalin (VWR, Radnor, PA, USA). After 48 hours, the midsection of the fish
was trimmed (anterior to the eyes and posterior to the pectoral fins) and returned to 10%
neutral buffered formalin for an additional 72 hours. Following serial dehydration, the
dissected specimen was stored in 70% ethanol and sent to the Robarts Molecular
Pathology Facility (London, Ontario) for embedding and histological sectioning. Serial
sections (10 µm thickness) of the whole fish were taken through the sagittal plane,
traversing the heart, and stained with Hematoxylin and Eosin (H&E). Two individuals
were excluded from the analyses due to poor slide quality.
Sections were imaged using an Olympus SZX9 dissecting microscope equipped with an
OPTIKA C-B5 camera and measurements were taken in OPTIKA PROView (OPTIKA
Srl, Ponteranica, BG, Italy). Diameter of the atrioventricular (AV) valve opening was
measured in serial sections to determine the maximum diameter (Fig. 3.1A). To ensure
other measures of ventricular morphology were taken at a consistent location within the
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heart across individuals, only sections that passed through both the atrioventricular
channel and the bulbus arteriosus were considered for measures of ventricular area,
ventricular roundness, and thickness of the compact myocardium (Fig. 3.1B-D). Of the
18 fish included in the AV valve analysis, four fish from the +0-treatment and three fish
from the +4-treatment were excluded from subsequent analyses of ventricular
morphology because no slides met these criteria (i.e., 5 fish from the +0-treatment and 6
fish from the +4-treatment were included). From the subset of slides passing through the
atrioventricular channel and the bulbus arteriosus, subsequent measures of ventricle
morphology were taken for each fish on the slide where AV valve diameter was
maximized. Area of the ventricle was measured by tracing the outer edges of the ventricle
chamber using the ‘Polygon’ setting in OPTIKA PROView (Fig. 3.1B). Ventricular
roundness was measured as the length to width (L:W) ratio of the ventricle. Ventricle
length was measured from the dorsal edge of the bulbus arteriosus to the tip of the
ventricular apex. Ventricular width was measured at the midpoint of ventricular length
using a perpendicular line in the ‘Vertical > Four Points’ setting in OPTIKA PROView
(Fig. 3.1C). The length to width (L:W) ratio of the ventricle was calculated as ventricle
length divided by ventricle width. Thickness of the compact myocardium was measured
at the outer edges of this ventricular midpoint line, and converted to a percentage of total
ventricular width (Fig. 3.1D).
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Figure 3.1 Histological measurements of heart morphology. Haematoxylin and Eosin
(H&E) stained sagittal section (thickness = 10 μM) of an Atlantic salmon (Salmo salar)
yearling raised in the +0-treatment. Measurements were taken in OPTIKA PROView
(OPTIKA Srl, Ponteranica, BG, Italy) for A) diameter of the atrioventricular (AV) valve
opening (black line), B) ventricular area (black outline), C) ventricular length and width
(black lines), and D) thickness of the compact myocardium (green line) relative to
ventricle width (black line). Label abbreviations: A = atrium; BA = bulbus arteriosus; L
= length; V = ventricle; W = width.
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3.2.4

Derived Cardiac Output

To calculate derived cardiac output (QD), I first estimated the radius of the AV valve for
each fish using a linear regression of the relationship between body mass and observed
AV radius for the subset of fish included in our histological analyses (N= 18; Fig. 3.2).
Rearing temperature was not included as a predictor in this analysis, as its inclusion did
not improve model fit. The area of the AV valve was then estimated assuming a circular
shape using the formula πr2, where r represents valve radius. QD (mL min-1 kg-1) was
calculated by multiplying stroke distance (cm) by AV valve area (cm2) and fHmax (beats
min-1) at a given temperature, and divided by body mass (kg).
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Figure 3.2 Relationship between body mass and atrioventricular (AV) valve radius
measured via histology in Atlantic salmon (Salmo salar) yearlings. A single linear
regression analysis was used to assess the relationship between body mass and observed
AV radius for the pooled subset of fish included in the histological analyses, as adding
rearing temperature as a predictor did not improve model fit (N= 18). The resulting
equation was used to calculate AV radius for each fish included in our cardiac
performance analyses: AV radius (cm) = 0.0130949 + 0.0009805×Body Mass (g).
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3.2.5

Statistical Analysis

Body mass was compared between treatments using an unpaired t-test with Welch’s
correction, and RVM was compared using an unpaired t-test. Measures of thermal
performance (TAB, TArr, TpeakfH, TpeakSD, and TpeakQD), peak cardiac function (peak fHmax,
peak stroke distance, and QD) and histological measures of heart morphology (ventricle
size, ventricular L:W ratio, percentage compact myocardium) were examined using
analysis of covariance (ANCOVA) tests that included rearing treatment (+0, +4) as a
fixed factor and body mass as a covariate. I additionally compared cardiac function
(fHmax, stroke distance, and QD) at a common temperature of 15°C using the analysis
described above. To examine how cardiac function parameters responded to increasing
temperature ‒‒and test if these responses differed between rearing treatments‒‒ measures
of fHmax, stroke distance, and QD were analyzed across temperature using a linear mixed
model with a first-order autoregressive (AR (1)) covariance structure, measurement
temperature as the repeated measure, body mass as a covariate, and rearing treatment,
measurement temperature, and their interaction as fixed factors. Finally, I examined the
relationship between fHmax and TArr at the individual level within treatments using a
Pearson’s correlation test. Statistical analyses were performed in Sigmaplot 13.0 (Systat
Software, San Jose, CA, USA), GraphPad Prism 6 (GraphPad Software, La Jolla
California USA), or SPSS v. 27 (IBM, Chicago, IL).

3.3 Results
3.3.1

Body Size

While experiments were staggered between the treatment groups to account for
temperature-dependent differences in developmental rate, fish raised in the +4-group
were ultimately larger, with an average mass of 30.6 ± 10.8 g versus 16.0 ± 6.1 g in the
+0-group (t30.2 = 6.1, p <0.001). I therefore included body mass as a covariate in all of my
analyses. Across this size range, body mass was not a significant covariate for fHmax (F1,60
= 0.14, p = 0.71), nor the thermal performance metrics associated with fHmax: TAB (F1,52 =
0.06, p = 0.81), TpeakfH (F1,52 = 0.06, p = 0.80), and TArr (F1,52 = 0.01, p = 0.91). Body
mass had a small effect on stroke distance (F1,74 = 4.7, p = 0.04) and a large effect on QD
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(F1,75 = 51.0, p < 0.001), but did not affect the associated thermal performance metrics
TpeakSD (F1,52 = 0.58, p = 0.45) and TpeakQD (F1,52 = 0.02, p = 0.90).
Within the subset of fish used for histological analysis of the heart, body mass did not
statistically differ between treatments (t9 = 1.8, p = 0.11; Table 3). Mass was still
included as a covariate in these analyses to account for possible body size effects on heart
morphology. Across this size range, ventricle area varied with body mass (F1,8 = 15.2, p <
0.01), but ventricular L:W ratio (F1,8 = 0.81, p = 0.40) and percentage compact
myocardium (F1,8 = 0.01, p = 0.92) did not.

3.3.2

Thermal Performance of Cardiac Function

To examine the thermal sensitivity of cardiac performance in the two developmental
treatments, I examined the responses of fHmax, stroke distance, and derived cardiac output
(QD) to warming using linear mixed models. QD increased with warming in both groups,
before reaching a peak and subsequently declining (Temperature effect: F19,606 = 6.7, p
<0.001; Fig. 3.3A). However, QD tended to increase more quickly with warming in +4
fish (Temperature × Treatment effect: F11,584 = 2.2, p = 0.01; Fig. 3.3A). Increases in QD
during warming were mediated by increases in fHmax (Temperature effect: F19,602 = 42.2, p
<0.001; Fig. 3.3B), while stroke distance declined with warming (Temperature effect:
F19,585 = 2.9, p <0.001; Fig. 3.3C). fHmax increased with warming at approximately equal
rates in both treatment groups (Temperature × Treatment effect: F11,584 = 1.1, p = 0.36;
Fig. 3.3B). Stroke distance tended to decline more rapidly with warming in +0 fish,
however, I did not detect a significant interaction between the effects of rearing treatment
and acute warming on stroke distance (Temperature × Treatment effect: F11,550 = 1.4, p =
0.18; Fig. 3.3C).
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Figure 3.3 Effect of acute warming on cardiac performance in juvenile Atlantic
salmon (Salmo salar) raised in two thermal regimes. Data are presented as means ±
SEM (dashed lines) for A) maximum heart rate (fHmax), B) stroke distance, and C) derived
cardiac output (QD) of fish raised in the +0 (black circles, N= 33) and +4 (grey squares,
N= 22) treatments. Open symbols indicate temperatures at which some individuals were
removed from analyses following the onset of arrythmias. Results of the mixed model are
presented in each panel for the respective variable.
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I further examined the thermal performance of cardiac function by comparing key
temperatures for fHmax, stroke distance, and QD between developmental treatments. The
Arrhenius breakpoint temperature for fHmax (TAB) was significantly higher for the
+4-group than the +0-group (F1,52 = 32.0, p < 0.001; Fig. 3.4A; Table 3.1). Similarly,
+4-fish attained their peak fHmax (TpeakfH) at higher temperatures than +0-fish (F1,52 = 6.2,
p = 0.02; Table 3.1) and maintained cardiac function to higher temperatures before
arrythmias occurred (TArr; F1,52 = 12.6, p < 0.001; Fig. 3.4A/B; Table 3.1). Peak stroke
distance also occurred at significantly higher temperatures in +4-fish (F1,52 = 16.1, p <
0.001; Table 3.1). Finally, QD tended to peak at higher temperatures in the +4-group, but
TpeakQD did not differ significantly between treatments (F1,52 = 3.5, p = 0.07; Table 3.1).
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Figure 3.4 Effect of rearing temperature on thermal performance in juvenile
Atlantic salmon (Salmo salar) raised in two thermal regimes. A) Data are presented as
boxplots for the Arrhenius breakpoint temperature (TAB) of maximum heart rate (fHmax)
and the temperature at which cardiac arrythmias occurred (TArr) for fish raised under
current (+0, black; N= 33) or projected future (+4, grey; N= 22) temperature conditions.
The box plots display the median, 25th and 75th percentiles, with whiskers indicating the
10th and 90th percentiles and individual points used to show data outside this interval.
*** p < 0.001. B) Predicted survival during acute warming is plotted for each rearing
treatment as the proportion of individuals which maintained cardiac function to that
temperature without displaying cardiac arrythmias.
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Table 3.1 Thermal performance measures for juvenile Atlantic salmon (Salmo salar)
raised in thermal regimes reflecting either current (+0°C) or future (+4°C)
temperatures.
Measure

+0°C

+4°C

F

df

p

TAB

15.4 ± 2.3

20.2 ± 1.9

32.0

1,52

< 0.001

TArr

24.3 ± 1.5

26.5 ± 1.7

12.6

1,52

< 0.001

TpeakfH

22.6 ± 1.9

24.4 ± 2.4

6.2

1,52

< 0.05

TpeakSD

13.0 ± 3.0

19.3 ± 4.6

16.1

1,52

< 0.001

TpeakQD

20.3 ± 3.3

22.7 ± 3.2

3.5

1,52

0.07

Note: TAB, Arrhenius breakpoint temperature; TArr, temperature at onset of cardiac
arrythmias; TpeakfH , temperature for peak maximum heart rate (fHmax); TpeakSD,
temperature for peak stroke distance; TpeakQD , temperature for peak derived cardiac
output (QD). Data presented as means ± SD. N= 33 for +0, N= 22 for +4. Thermal
performance metrics were compared between treatment groups using one-way ANCOVAs
with body mass as a covariate. Statistical significance was accepted at p < 0.05.
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3.3.3

Cardiac Function Metrics

Despite differences in the thermal performance of cardiac function, I did not detect
significant differences in peak cardiovascular capacity between developmental treatments
(Table 3.2). While fish from the +4-treatment maintained rhythmic heart function to
higher temperatures, peak fHmax did not differ significantly between developmental
treatments (F1,52 = 0.8, p = 0.38). However, there was a significant correlation between
peak fHmax and TArr at the individual level in both treatments (Fig. 3.5). When controlling
for body mass, peak measures of stroke distance (F1,52 = 3.8, p = 0.06) and QD (F1,52 =
2.2, p = 0.15) did not differ between developmental treatments. When compared at a
common temperature of 15°C (Table 3.2), fHmax was significantly lower in fish from the
+4-treatment (F1,52 = 9.4, p = 0.003), suggesting thermal compensation in fish exposed to
elevated temperatures throughout development. Stroke distance (F1,52 = 0.03, p = 0.74)
and QD (F1,52 = 0.34, p = 0.55) did not statistically differ between treatments at 15°C.
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Table 3.2 Cardiac function measures for juvenile Atlantic salmon (Salmo salar)
raised in thermal regimes reflecting either current (+0°C) or future (+4°C)
temperatures.
Measure

+0°C

+4°C

F

df

p

Peak fHmax (beats min )

145.7 ± 18.3

150.9 ± 15.2

0.8

1,52

0.38

Peak stroke distance (cm)

3.0 ± 0.5

3.1 ± 0.9

3.8

1,52

0.06

Peak QD (mL min kg )

56.8 ± 9

78.9 ± 36

2.2

1,52

0.15

fHmax at 15°C (beats min -1)

100.7 ± 8

92.6 ± 6

9.4

1,52

< 0.01

Stroke distance at 15°C (cm)

2.5 ± 0.6

2.6 ± 0.8

0.03

1,52

0.87

QD at 15°C (mL min-1 kg-1)

41.5 ± 9

47.0 ± 16

0.4

1,52

0.55

-1

-1

-1

Note: fHmax, maximum heart rate; QD, derived cardiac output. Data presented as means ±
SD. N= 33 for +0, N= 22 for +4. Cardiac performance metrics were compared between
treatment groups using one-way ANCOVAs with body mass as a covariate. Statistical
significance was accepted at p < 0.05.
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Figure 3.5 Correlation between peak maximum heart rate (fHmax) and cardiac
arrythmia temperature (TArr) in juvenile Atlantic salmon (Salmo salar). The linear
regression line for fish raised under current temperature conditions (+0, black; N= 33)
follows the equation y=0.039x+18.56, and the linear regression line for fish raised under
projected future temperature conditions (+4, grey; N= 22) follows the equation
y=0.053x+18.56.
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3.3.4

Heart Morphology

In addition to measures of cardiac function, I investigated heart morphology as a potential
mechanistic driver of improved thermal performance in the +4-fish. Relative ventricle
size did not differ between developmental groups, with a mean RVM of 0.13 ± 0.03% in
+0-fish and 0.12 ± 0.03% in +4-fish (t22 = 0.3, p = 0.72). Indeed, ventricle area did not
statistically differ between rearing treatments when controlling for body mass (F1,8 = 0.4,
p = 0.55; Table 3.3). Ventricle shape was also similar between developmental groups,
with no statistical difference in ventricular L:W ratios (F1,9 = 3.0, p = 0.12; Table 3.3).
However, fish raised in the +4-treatment displayed significantly higher percentages of
compact myocardium within their ventricles (F1,8 = 14.8, p < 0.01; Table 3.3).
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Table 3.3 Heart morphology of juvenile Atlantic salmon (Salmo salar) raised in thermal regimes reflecting either current
(+0°C) or future (+4°C) temperatures.
Measure

+0°C

+4°C

Test statistic

df

p

Body mass (g)

21.3 ± 5.4

28.2 ± 7.1

1.8

9

0.11

2

-2

-2

-2

-2

Ventricle area (cm )

5.9 x10 ± 0.5 x10

6.9 x10 ± 2.0 x10

0.4

1,8

0.55

Ventricular L:W ratio

2.0 ± 0.3

2.3 ± 0.4

3.0

1,8

0.12

Compact myocardium (%)

8.9 ± 1.1

15.3 ± 2.8

14.8

1,8

< 0.01

Note: L:W ratio, length to width ratio. Data presented as means ± SD; N= 5 for +0, N= 6 for +4. Body mass was compared between
treatments using an unpaired t-test for fish used in histological analysis of heart morphology. Remaining morphological variables
were compared between treatments using one-way ANCOVAs with body mass as a covariate. Statistical significance was accepted at
p < 0.05.
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3.4 Discussion
In fishes, the heart is typically the first organ to fail during heat stress and has therefore
been positioned as an ‘ecological thermometer’ (Iftikar and Hickey, 2013). In the present
study, I found a remarkable degree of developmental plasticity in the thermal
performance of cardiac function in juvenile Atlantic salmon. Fish reared under projected
future temperatures (+4°C) displayed a 4.8°C increase in the mean optimal temperature
for cardiac performance (TAB) and maintained rhythmic heart function (TArr) to
temperatures 2.2°C higher than control fish. However, contrary to my prediction, shifts in
the thermal limits for cardiorespiratory performance were not accompanied by
treatment-level differences in maximum cardiac function. As I discuss below,
developmental plasticity may be acting on traits which preserve cardiac function under
high temperature conditions, rather than traits relating to maximum cardiovascular
capacity.
As aerobic demands increase with temperature, heart rate and stroke volume represent the
fundamental components of cardiac output that can be altered to increase oxygen delivery
to tissues. In the present study, increases in derived cardiac output during acute warming
were driven by increases in maximum heart rate ‒a seemingly universal finding in fishes
(Eliason and Anttila, 2017; Farrell, 2009). Concomitantly with increases in maximum
heart rate, I observed declines in stroke distance as temperatures increased. This finding
agrees with numerous studies in fish that documented an inverse relationship between
maximum heart rate and stroke volume during warming (Eliason et al., 2013; Farrell et
al., 1996; Keen and Farrell, 1994; Morgenroth et al., 2021). As the frequency of heart
contractions increases, diastolic filling between contractions and the systolic force of the
contractions are reduced (Driedzic and Gesser, 1988; Farrell et al., 1996; Shiels et al.,
2002). Oxygen limitation is also known to reduce cardiac contractility at high
temperatures, further constraining stroke volume during acute warming (Ekström et al.,
2016; Ekström et al., 2017). Because I measured blood flow at the atrioventricular valve,
decreases in ventricular inflow may therefore reflect a reduction in cardiac filling time or
an increase in the end-systolic volume remaining from preceding contractions (i.e., a
decreased ejection fraction resulting from reduced contractility). Though not statistically
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significant, stroke distance tended to decline more rapidly with warming in +0-fish (Fig.
3.3C), particularly as fHmax increased rapidly at temperatures below TAB (mean of 15.4°C
for +0-fish). Indeed, stroke distance peaked at much lower temperatures in the +0-group,
even relative to the treatments’ respective starting temperatures (Table 3.1). A
preservation of stroke volume during rapid increases in heart rate may have contributed
to the small but significant interaction between measurement temperature and
developmental treatment in the response of cardiac output to warming, allowing cardiac
output to increase more rapidly with warming in +4 fish.
Indicators of maximum cardiovascular capacity, such as peak heart rate and relative heart
size, have previously been linked to increased upper thermal tolerance in fishes.
However, estimates of peak QD did not statistically differ between our developmental
treatments. Peak stroke distance, used here as a proxy for stroke volume, was unaffected
by developmental temperature. This finding is perhaps unsurprising given that fish from
the two treatments did not display differences in relative ventricle size or ventricular
shape. While fish raised at elevated temperatures displayed higher thermal limits for
cardiac function and reached peak fHmax at significantly higher temperatures, peak fHmax
did not differ between treatment groups. This is in contrast to a previous developmental
plasticity study in Chinook salmon, where peak fHmax was significantly higher in fish
from the warm-developmental group, but there was a lack of plasticity in TArr (Muñoz et
al., 2015). In the present study, fHmax was lower at 15°C for +4-fish compared to +0-fish
acutely warmed to that temperature. This suggests thermal compensation at the level of
the cardiac pacemaker, such that exposure to elevated temperatures throughout
development has lowered the intrinsic heart rate at 15°C (Vornanen, 2017). This
pacemaker resetting may compensate for limitations on peak fHmax and help to restore
cardiac scope, thereby prolonging the maintenance of aerobic scope during acute
warming (Farrell 2009). While developmental temperature did not affect peak fHmax in
this study, peak fHmax was positively associated with TArr at the individual-level in both
treatments (Fig. 3.5), underscoring the importance of maximum heart rate in driving heat
tolerance in fish.
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In fish, chronic changes in temperature often elicit shifts in the relative proportion of
spongy to compact myocardium within the ventricle (Keen et al., 2017). Here, I observed
considerable developmental plasticity in ventricular myoarchitecture, as the percentage of
compact myocardium was 70% greater in fish reared at elevated temperatures. Similar
plasticity in the cardiac phenotype has been observed following warm-acclimation in a
number of salmonids, including rainbow trout (Keen et al., 2017; Klaiman et al., 2011),
Arctic charr, and Atlantic salmon (Anttila et al., 2015). In parallel with the present
findings, Anttila et al. (2014a) observed a greater proportion of compact myocardium in
Atlantic salmon parr with higher optimal temperatures for cardiac function (TAB) and
better swimming performance. These trends toward higher percentages of compact
myocardium among more thermally tolerant salmonids may imply an increased
importance of coronary circulation under high temperature conditions. While the compact
myocardium’s coronary blood supply is not required for maintaining routine cardiac
output, it is thought to increase in importance as the heart’s luminal oxygen supply
becomes constrained during exercise, warming, or hypoxia (Davie and Farrell, 1991;
Morgenroth et al., 2021). Previous studies in fish have demonstrated that acute thermal
tolerance is reduced when coronary blood flow is blocked via surgical ligation (Ekström
et al., 2017; Ekström et al., 2019; Morgenroth et al., 2021). Similar to the present findings
in +0-fish, reduced thermal performance following coronary ligation was characterized
by a failure to maintain stroke volume and an early onset of heart rate collapse
(Morgenroth et al., 2021). Our findings lend support to the notion that acute thermal
tolerance in fishes may be limited by oxygenation of the heart itself, whereby function of
the oxygen-deprived myocardium declines at high temperatures and compromises oxygen
delivery to systemic tissues (Clark et al., 2008; Ekström et al., 2017; Farrell, 2009).
Further investigations into the degree of capillarization in the compact myocardium of
these fish will be fruitful.
In summary, I demonstrated that exposure to higher average water temperatures
throughout development significantly increased the cardiorespiratory thresholds for
thermal performance in a hatchery-bred population of juvenile Atlantic salmon. Contrary
to my prediction, this plasticity in heat tolerance was not accompanied by plasticity in
maximum cardiovascular capacity, as peak fHmax and relative ventricular volume did not
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differ between developmental treatments. Rather, I observed compensatory changes in
intrinsic heart rate and ventricular myoarchitecture. Fish raised at elevated temperatures
displayed significantly lower heart rates at a common temperature of 15°C, which may
compensate for the lack of plasticity in peak fHmax and help restore cardiac scope during
acute warming. Fish from the warm-developmental group also displayed higher
proportions of compact myocardium in their ventricular walls, a trait commonly
associated with increased aerobic demands. As the compact myocardium represents the
portion of the ventricle receiving a coronary blood supply, this change in myoarchitecture
may improve oxygen supply the heart itself under high temperature conditions (Anttila et
al., 2013b; Ekström et al., 2017). In conclusion, this study contributes to our
understanding of how thermal conditions experienced during development can affect the
response to acute warming later in life and identifies a morphological strategy which may
improve the cardiac performance of fishes during heat stress, as climate change increases
the frequency of record heat events.
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Chapter 4

4

Developmental Temperature Modulates Gill
Morphology, but not Hematocrit, in Juvenile Atlantic salmon
(Salmo salar)

This chapter has been prepared as a manuscript for submission, with S. Damjanovski and
B.D. Neff as co-authors.

4.1 Introduction
The internal physiology of ectotherms is tightly linked to their thermal environment, such
that metabolic rate increases exponentially with temperature ‒resulting in increased tissue
oxygen demands (Fry, 1947). In a variety of aquatic ectotherms, including fish, heat
tolerance is thought to be set by a mismatch between tissue oxygen demands and oxygen
supplied by the cardiorespiratory system (Farrell, 2009; Pörtner and Knust, 2007).
Temperature-related increases in oxygen demand are met through a variety of functional
changes within the cardiorespiratory system in fish, including increased cardiac output,
increased oxygen-carrying capacity of the blood, and increased oxygen uptake at the gills
(Aguiar et al., 2002; Butler and Taylor, 1975; DeWilde and Houston, 1967; Eliason and
Anttila, 2017; Farrell et al., 2009; Muñoz et al., 2015; Muñoz et al., 2018; Nilsson, 2007;
Weber, 2000).
Hematocrit (Hct) is a common measure of the oxygen-carrying capacity of blood and is
measured as the proportion of red blood cell volume to total blood volume within a
sample. While Hct has been shown to increase in fish exposed to acute heat stress (Beers
and Sidell, 2011; Muñoz et al., 2018), tests of the relationship between Hct and heat
tolerance have yielded inconsistent results. A positive correlation between Hct and
critical thermal maximum (CTmax) was documented in Chinook salmon (Oncorhynchus
tshawytscha; Muñoz et al. 2018) and Antarctic notothenioid fishes (Beers and Sidell,
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2011); however, experimentally lowering Hct had little to no effect on CTmax in European
perch (Perca fluviatilis; Brijs et al. 2015) and sea bass (Dicentrarchus labrax; Wang et al.
2014). Interestingly, Chinook salmon exposed to elevated temperatures throughout
development showed a greater capacity to increase Hct during acute warming (Muñoz et
al., 2018), suggesting a role for developmental plasticity in mediating the acute Hct stress
response.
The capacity for oxygen uptake at the gills is also highly plastic in fish, as many species
are capable of extensive remodelling to increase the functional surface area available for
gas exchange (Nilsson, 2007). In response to changes in oxygen availability or internal
oxygen demands, gill surface area can be altered through a regression or expansion of the
interlamellar cell mass (ILCM), thereby covering or uncovering the secondary lamellae.
Indeed, hypoxia-exposure has been shown to induce a regression of the ILCM in Atlantic
salmon (Salmo salar) and a number of carp species (Anttila et al., 2015; Dhillon et al.,
2013; Matey et al., 2008; Sollid et al., 2003). In carp, this morphological change is
reversed following return to normoxic conditions (Matey et al., 2008; Sollid et al., 2003).
Similarly, acclimation to warmer thermal environments (where internal oxygen demands
are heightened) has been shown to trigger a regression of the ILCM in crucian carp,
goldfish (Carassius auratus), and Atlantic killifish (Fundulus heteroclitus; Sollid et al.
2005; Mitrovic and Perry 2009; McBryan et al. 2016). Conversely, the ILCM was shown
to expand in response to cold acclimation in goldfish and killifish (Barnes et al., 2014;
Sollid et al., 2005). This dynamic modification of gill surface area may be necessitated by
the fact that the gills also serve as the primary site for ionic regulation in fish (Evans et
al., 2005). Consequently, while a large gill surface area favours high rates of gas
exchange, it also leads to a trade-off with increased ion loss in freshwater environments.
Due to the high costs of active ion uptake, it is advantageous for fish to reduce gill
surface area under conditions where oxygen is not limited, in what is referred to as the
osmorespiratory compromise (reviewed in Gilmour and Perry 2018).
Atlantic salmon (Salmo salar, Linnaeus 1758) display considerable intraspecific variation
in life history, but typically spend 2–4 years in their natal freshwater streams (Hutchings
and Jones, 1998). During this period, the juvenile salmon are particularly vulnerable to
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thermal stress due to the thermal variability of the stream environment (Baker et al.,
1995; Crozier and Zabel, 2006; Myrick and Cech, 2004). Cardiorespiratory function is
key to the maintenance of thermal tolerance in salmonids, making thermal plasticity
within the cardiorespiratory system a critical determinant of the ability of juvenile salmon
to survive in thermally heterogeneous streams. Furthermore, cardiorespiratory plasticity
will become crucial to the persistence of fishes as rapid climate change increases average
global temperatures and the frequency of extreme heat events (IPCC, 2021).
In the previous chapter (Chapter 3), I demonstrated that a moderate increase in
developmental temperature (4°C) increased the thermal limits for cardiac function in
juvenile Atlantic salmon. Fish raised at elevated temperatures also displayed higher
proportions of compact myocardium within their hearts. Because the compact
myocardium represents the portion of the ventricle receiving an oxygen-rich coronary
blood supply, this morphological change may compensate for increased oxygen demands
within the heart itself at elevated temperatures. I hypothesized that this improved oxygendelivery system to the heart may be matched by other changes within the oxygen cascade,
such as an improved capacity for oxygen-uptake at the gills or an increased oxygencarrying capacity of the blood. In the present study, I examined gill morphology in the
same experimental fish to determine whether a 4°C increase in rearing temperature
affected ILCM thickness, as previously shown in warm-acclimated and hypoxia-exposed
fish. I additionally compared Hct between developmental treatments following exposure
to acute warming, to assess whether developmental plasticity affected blood oxygencarrying capacity in juvenile Atlantic salmon.

4.2 Materials and Methods
4.2.1

Experimental Animals

The rearing protocol and sampling procedure are detailed in Chapter 3. All experiments
were carried out according to Western University Animal Use Protocol 2018-084
(Appendix A). In brief, fertilized Atlantic salmon embryos were obtained from the
Ontario Ministry of Natural Resources and Forestry’s Normandale Research Facility
(Vittoria, Ontario) in the Fall of 2017. Twenty-four hours after fertilization, eggs were
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transported to a hatchery facility at the University of Western Ontario (London, Ontario)
and reared in one of two temperature treatments: +0 or +4. The +0-treatment was
maintained in temperatures simulating current thermal conditions (7 ± 0.5°C) and the
+4-treatment was reared at temperatures ~4°C warmer (11 ± 0.5°C). As fish approached
full absorption of their endogenous yolk sacs (~4 months for +0 fish and ~2.5 months for
+4 fish), fry were transferred to 40 L tanks and rearing temperatures were raised by 4°C
to mimic seasonal temperature variation. Temperature and dissolved oxygen were
monitored daily and remained stable throughout the experiment, with oxygen saturation
maintained above 70% in both treatments. Juvenile fish were fed ad libitum (EWOS
Commercial Feeds, Bergen, Norway) and maintained under these conditions for the
remainder of the rearing period.

4.2.2

Hematocrit

In Chapter 3, the response of maximum heart rate to acute warming was measured via
noninvasive Doppler echocardiography to assess cardiorespiratory thresholds for thermal
performance in anaesthetized yearlings (1+). Once heartbeats became arrhythmic,
signifying the upper thermal limit for cardiorespiratory function, fish were removed from
the experimental apparatus and a blood sample was taken. Blood was sampled by
severing the caudal peduncle and filling a heparinized capillary tube (Thermo Fisher
Scientific, Waltham, MA, USA) with blood from the caudal vein. Tubes were sealed and
centrifuged for 5 minutes at 13,000 x g in a Thermo Fisher MicroCL 17 Microcentrifuge.
Samples were discarded when there was insufficient blood to fill the capillary tube (N=
13). An additional 5 samples were discarded because the capillary tube was damaged by
improper handling.
Hematocrit (Hct) represents the percentage of red blood cell (RBC) volume relative to
total blood volume. Hct (%) was calculated as the length of RBCs in the centrifuged
capillary tube (cm) divided by total sample length (cm), and multiplied by 100. Hct was
compared between developmental treatments (N= 22 for the +0-treatment and N= 15 for
the +4-treatment) using an ANCOVA that included developmental treatment as a fixed
factor and body mass as a covariate in Sigmaplot 13.0 (Systat Software, San Jose, CA,
USA).
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4.2.3

Gill Morphology

Following thermal performance trials, a subset of 10 fish per treatment were used for
histological analysis of the gills. Euthanized fish were placed in 10% neutral buffered
formalin (VWR International, Radnor, PA, USA) for 48 hours, after which the
midsection of the fish was trimmed (anterior to the eyes and posterior to the pectoral fins)
to allow for better tissue penetration. The dissected specimen was then placed in fresh
10% formalin for an additional 72 hours. Serial dehydration to 70% ethanol was then
performed in 12-hour intervals, and samples were sent to the Robarts Molecular
Pathology Facility (London, Ontario) for embedding and histological sectioning. Serial
sections (10 µm thickness) were taken through the sagittal plane and stained with
Hematoxylin and Eosin (H&E). Sections were imaged using an OPTIKA B-290TB
microscope, equipped with an OPTIKA C-B5 camera (OPTIKA Srl, Ponteranica, BG,
Italy), and analyzed in ImageJ (National Institutes of Health, Bethesda, MD, USA). Two
individuals were excluded from the analyses due to poor slide quality. Slides from each
individual were assigned a random code and image analysis was performed blind (N= 9
per treatment). ILCM thickness was measured between neighbouring pairs of secondary
lamellae along gill filaments from the second gill arch (30 measurements per fish).
Measurements were taken from the basement membrane of the primary lamella
epithelium (halfway between neighbouring secondary lamellae) to the exposed surface of
the interlamellar space (Fig. 4.1). To account for possible effects of body size on gill
morphology, standardized residuals were taken from a linear regression of the natural
logarithm of mean ILCM thickness (mm) versus the natural logarithm of body mass (g)
in SigmaPlot 13.0. Mean mass-adjusted residuals were compared between rearing
treatments using an unpaired t-test in GraphPad Prism 6.0 (GraphPad Software, La Jolla
California USA).
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Figure 4.1 Measures of interlamellar cell mass (ILCM) thickness in the gills of
juvenile Atlantic salmon (Salmo salar) raised in two thermal regimes. Haematoxylin
and Eosin (H&E) stained section (thickness = 10 μM) of the gills of an Atlantic salmon
yearling raised in the +0-treatment. ILCM thickness was measured from the basement
membrane halfway between two secondary lamellae to the exposed surface of the
interlamellar space (black line). Measurements were taken in ImageJ (National Institutes
of Health, Bethesda, MD, USA). Label abbreviations: 1° = primary lamella; 2° =
secondary lamella.
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4.3 Results
Within the subset of fish used for histological analysis of the gills, mean body mass of
+0-fish was 16.3 ± 6 g, while mean body mass of +4-fish was 26.62 ± 7 g (t16 = 3.1, p <
0.01; unpaired t-test). Mean thickness of the ILCM was 1.38 x 10-2 ± 0.05 x 10-2 mm in
the +0-developmental treatment and 1.00 x 10-2 ± 0.04 x 10-2 mm in the
+4-developmental treatment. Developmental temperature had a significant effect on gill
coverage by the ILCM (Fig. 4.2), as the mass-adjusted residuals for ILCM thickness were
significantly lower in fish from the +4-developmental treatment (t16 = 2.3, p < 0.05).
For fish included in the Hct analyses, the mean body mass of +0-fish was 15.8 ± 7 g,
while mean body mass of +4-fish was 27.97 ± 9 g. Although +4-fish were significantly
larger than +0-fish (t35 = 4.6, p < 0.0001; unpaired t-test), mass was not a significant
covariate for Hct (F1,34 = 0.001, p = 0.98). Hct levels did not differ between
developmental treatments (F1,34 = 0.75, p = 0.39), averaging 39.8% ± 8% in the
+0-treatment and 42.8% ± 7% in the +4-treatment (Fig. 4.3).
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Figure 4.2 Gill coverage by the interlamellar cell mass (ILCM) in juvenile Atlantic
salmon (Salmo salar) raised in two thermal regimes. A) Mass-adjusted standardized
residuals for ILCM thickness are presented as mean ± SEM for the +0- (black) and
+4-developmental groups (grey; N= 9 per treatment). Asterisk (*) denotes a significant
difference between rearing treatments (p < 0.05). B) Representative histological sections
of gills from Atlantic salmon raised under control (+0) or elevated (+4) temperature
conditions.

108

Figure 4.3 Hematocrit (Hct) levels from juvenile Atlantic salmon (Salmo salar)
raised in two thermal regimes. Hct was measured in blood sampled from fish that
developed under control (+0, black; N= 22) or elevated (+4, grey; N= 15) temperature
conditions, following an acute increase in temperature to their upper thermal limit for
cardiac function (TArr). Statistical significance was considered at p < 0.05.
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4.4 Discussion
Increases in environmental temperature greatly increase the internal oxygen demands of
fish, while simultaneously decreasing the dissolved oxygen content of the surrounding
water. In a number of fish species, heat tolerance is thought to be limited, in part, by an
insufficient supply of oxygen to tissues. In Chapter 3, I demonstrated that Atlantic
salmon exposed to elevated temperatures throughout development (+4°C) had higher
cardiorespiratory thresholds for thermal performance as juveniles. In the present study,
these +4-fish showed a significant reduction in ILCM thickness within their gills. By
increasing the functional surface area for oxygen uptake, this morphological change may
help reduce the mismatch between tissue oxygen demands and oxygen supply by the
cardiorespiratory system under high temperature conditions. Hypoxia-exposure has been
shown to induce a similar regression of the ILCM, suggesting that this plastic response is
related to the oxygen demands of the fish (Sollid et al., 2003; Sollid et al., 2005).
During hypoxia, regression of the ILCM occurs over the course of several days via
increased apoptosis and reduced cell proliferation (Sollid et al., 2003). ILCM regression
during warm-acclimation is thought to occur by the same mechanisms (Mitrovic and
Perry, 2009; Sollid et al., 2005), but this has not been directly measured. Since +4-fish
were exposed to chronically warmer temperatures throughout development, a balance
between cell proliferation and apoptosis could maintain a consistently smaller ILCM in
the interlamellar channels of their gills. Interestingly, when crucian carp were exposed to
acute hypoxia and thermal stress simultaneously (Nilsson, 2007), the ILCM disappeared
more rapidly than cell-cycle arrest and apoptosis could allow (within hours). Thus,
Nilsson posited that fish are also capable of rapidly detaching the ILCM as an emergency
response to severe oxygen-limitation. Because gill tissue was sampled after fish were
exposed to their upper thermal limit, it is possible that rapid ILCM-shedding (in response
to acute thermal stress) began prior to sampling in the present study. However, the
significant treatment effect on ILCM thickness, paired with observations from previous
warm-acclimation studies, suggest that fish from the warm-developmental group
maintain a consistently higher gill surface area than control fish. Future investigations
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into the different time courses for ILCM regression and the molecular mechanisms
regulating thermal plasticity in gill surface area are needed.
Adjustments to blood oxygen-carrying capacity have also been linked to improved
thermal performance in some teleosts. In an experiment similar to the present study, a
4°C increase in developmental temperature was associated with a significant increase in
CTmax in juvenile Chinook salmon, which corresponded to a greater capacity to increase
Hct under thermal stress (Muñoz et al., 2018). While the +4-fish examined here were
previously shown to have increased thermal limits for cardiac function (Chapter 3), Hct
did not differ between developmental groups following exposure to acute thermal stress.
Hct is a widely used proxy for blood-oxygen carrying capacity; however, this approach is
not without its limitations. When using Hct to compare blood-oxygen carrying capacity,
it is assumed that the concentration of haemoglobin (Hb) within erythrocytes is equal
across individuals. While [Hb] tends to approach its solubility limit in erythrocytes
(Riggs, 1976), fish can display both inter- and intraspecific variation in mean corpuscular
haemoglobin concentration (MCHC; Brill and Jones, 1994; Gallaugher, 1994). Thus,
direct measurements of [Hb] may provide a better picture of blood-oxygen carrying
capacity in these fish. It is also possible that +4-fish achieve a higher blood oxygencarrying capacity through mechanisms other than increased [Hb], such as modifying the
oxygen-binding affinity of Hb. Indeed, warm-acclimation has previously been shown to
increase the oxygen-binding affinity of Hb in some fish species, by altering the
intracellular concentration of its allosteric modifiers or changing the relative expression
of Hb isomorphs (Brix et al., 2004; Greaney and Powers, 1977; Grigg, 1969; Houston
and Cyr, 1974). The +4-fish examined here may employ similar mechanisms to
counteract the negative effects of temperature on O2-Hb binding affinity, thereby aiding
in their response to acute warming. However, a number of studies in salmonids have
demonstrated a lack of thermal plasticity in oxygen affinity of the blood (Black et al.,
1966a; Black et al., 1966b; Cameron, 1971; Weber et al., 1976). Thus, it is possible that
blood oxygen-carrying capacity is not altered in the developmental response to elevated
temperature in Atlantic salmon, and that adjustments at different steps in the oxygen
cascade are employed to meet temperature-related increases in tissue oxygen demands.
Indeed, the effect size of the Hct-CTmax relationship reported by Muñoz et al. (2018) was
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small (r2 = 0.12), indicating that there are factors that limit whole-animal heat tolerance
more significantly than oxygen-carrying capacity of the blood. In addition to capacity
limitations within the cardiorespiratory system, these factors may include protein
denaturation, oxidative stress, or membrane integrity.
In Chapter 3, I demonstrated that temperature-dependent developmental plasticity
mediates acute heat tolerance and heart morphology in Atlantic salmon, such that a 4°C
increase in developmental temperature was associated with increased thermal limits for
cardiac function and higher proportions of the vascularized compact myocardium within
the heart. Here, I demonstrate that developmental temperature influenced the respiratory
surface area of the gills (ILCM thickness), but not oxygen-carrying capacity of the blood
(Hct), in the same group of experimental fish. Together, these morphological changes
within the cardiorespiratory system may help improve oxygen supply to tissues during
thermal stress, thereby contributing to the increased acute heat tolerance of these fish.
Interestingly, regression of the ILCM and increased capillary density in the compact
myocardium have been associated with improved hypoxia tolerance in warm-acclimated
killifish (McBryan et al., 2016) and salmonids (Anttila et al., 2015), respectively. Thus,
the plastic responses to elevated rearing temperature observed here may also aid juvenile
Atlantic salmon in coping with hypoxic events. As rapid climate change increases global
temperatures and intensifies the deoxygenation of aquatic habitats (Breitburg et al., 2018;
IPCC, 2021), it is critical that we understand the capacity of fishes to respond to
cardiorespiratory challenges via phenotypic plasticity.
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Chapter 5

5

Proteomic Analysis of Temperature-Dependent
Developmental Plasticity within the Ventricle of Juvenile
Atlantic Salmon (Salmo salar)

A version of this chapter has been submitted to a special issue in Current Research in
Physiology entitled ‘Environmental remodelling of the cardiovascular system’:
Muir, C. A., Bork, B. S., Neff, B. D., & Damjanovski, S. (2021). Proteomic analysis of
temperature-dependent developmental plasticity within the ventricle of juvenile
Atlantic salmon (Salmo salar). Curr. Res. Physiol. CRPHYS-D-21-00093.

5.1 Introduction
The teleost heart is a highly plastic organ which changes in form and function to meet
altered demands for internal oxygen transport. Cardiac remodelling is observed in
response to both physiological and environmental stressors, such as sexual maturation
(Graham and Farrell, 1992), exercise training (Castro et al., 2013; Dindia et al., 2017;
Gallaugher et al., 2001), anemia (Simonot and Farrell, 2007), hypoxia (Anttila et al.,
2015), and thermal acclimation (Jayasundara et al., 2015; Keen et al., 2016; Klaiman et
al., 2011; Vornanen et al., 2005). Indeed, cardiac function is considered an important
mediator of thermal tolerance in many fishes. As tissue oxygen demands change with
environmental temperature, cardiac plasticity allows for compensatory changes that
reduce temperature-induced mismatches between oxygen supply and tissue oxygen
demand (Farrell et al., 2009; Pörtner and Knust, 2007). This plasticity allows many
species to remain active during seasonal temperature fluctuations. Plasticity in acute heat
tolerance of the heart is also critical, as the heart is the first organ to fail in fish exposed
to heat stress (Iftikar and Hickey, 2013). It is therefore important to understand the
mechanisms that preserve cardiac function under high temperature conditions in fish,
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particularly as anthropogenic climate change increases average global temperatures and
the frequency of severe heatwaves (IPCC, 2021).
At elevated temperatures, convective transport of blood by the heart must increase to
meet heightened tissue oxygen demands, and aerobic demands of the heart itself increase
accordingly (Eliason and Anttila, 2017). Thus, plastic adjustments to increased
environmental temperatures often serve to increase cardiac capacity and oxygenation of
the myocardium (Anttila et al., 2015, 2014; Jørgensen et al., 2014; Muñoz et al., 2015).
This plasticity can involve a reorganization of the excitation, contractile, and metabolic
machinery within cardiomyocytes, as well as tissue morphogenesis within the
cardiovascular system (Anttila et al., 2015; Hassinen et al., 2008; Jayasundara et al.,
2015; Keen et al., 2017; Klaiman et al., 2011; Shiels et al., 2011; Vornanen et al., 2002).
In addition to the heart’s role in compensating for oxygen-limitation at high temperatures,
cardiomyocytes must also contend with direct temperature effects on protein integrity and
cell homeostasis. Previous studies have implicated heat shock proteins and the oxidative
stress response as important mediators of thermal stress in teleosts exposed to warming
(Anttila et al., 2014; Jayasundara et al., 2015; Jørgensen et al., 2014; Logan and Somero,
2011; O’Brien et al., 2018; Podrabsky and Somero, 2004).
In fish, chronic changes in temperature often affect relative heart size, as well as the ratio
of spongy to compact myocardium within the ventricle. In highly active fishes, such as
salmonids, the ventricle consists of a highly-trabeculated spongy myocardium that spans
the inner lumen and is encased by an outer compact myocardium (Davie and Farrell,
1991; Tota, 1983). While a coronary blood supply perfuses the outer compact
myocardium, the spongy myocardium receives oxygen from venous blood inside the
lumen of the ventricle (Davie and Farrell, 1991). In salmonids, relative ventricle mass
tends to increase during cold-acclimation, along with the relative proportion of spongy
myocardium (Farrell et al., 1988; Klaiman et al., 2011). This is thought to increase stroke
volume, thereby compensating for temperature-related decreases in heart rate.
Conversely, the proportion of compact myocardium tends to increase following warmacclimation (Anttila et al., 2015; Keen et al., 2016; Klaiman et al., 2011), as well as
capillary density within the compact myocardium (Anttila et al., 2015). This change has
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been posited as a compensatory response to oxygen-limitation within the myocardium
itself under high temperature conditions (Ekström et al., 2017; Farrell et al., 1996).
In fish, compensatory cardiac growth is facilitated through a combination of myocyte
growth (hypertrophy) and proliferation (hyperplasia) (Gamperl and Farrell, 2004). This
combination is in contrast to the mammalian heart, which can only grow via cardiac
hypertrophy after development. Functionally, thermal remodelling of the teleost heart is
considered analogous to physiological remodelling of the mammalian heart ‒‒as seen
with exercise-training. However, there are mechanistic similarities between temperatureinduced cardiac hypertrophy in fish and pathological cardiac hypertrophy in the
mammalian heart, which leads to cardiac dysfunction and eventual failure. For example,
cold acclimation often involves increased collagen deposition (Keen et al., 2016;
Klaiman et al., 2011), whereas fibrosis is typically associated with pathological cardiac
remodelling in mammals (Bernardo et al., 2010). Markers of pathological cardiac
hypertrophy in mammals can also be upregulated during thermal acclimation in fish,
including atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP), and regulator
of calcineurin 1 (RCAN1) (Keen et al., 2016; Tervonen et al., 2001; Vornanen et al.,
2005). While temperature-induced cardiac remodelling is generally considered adaptive
in fish, a recent study demonstrated that increasing the developmental temperature of
Atlantic salmon to accelerate smolt production in aquaculture can result in the expression
of cardiac pathology markers and maladaptive hypertrophic growth of the compact
myocardium (Frisk et al., 2020). Furthermore, stress-induced cardiac hypertrophy was
recently linked to reduced cardiac function in aquaculture settings (Johansen et al., 2017).
These findings underscore the need to tease apart the mechanistic basis of adaptive versus
pathological remodelling of the teleost heart in response to environmental temperature.
In Chapter 3, I showed that a 4°C increase in developmental temperature significantly
increased the thermal limits for cardiac function in juvenile Atlantic salmon (Salmo
salar). Fish from the warm-developmental group also displayed increased proportions of
compact myocardium in their ventricular walls compared to control fish. Here, I
investigate the molecular mechanisms underlying the observed differences in myocardial
structure and thermal performance by performing a global proteomic analysis on
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ventricular tissue from the same experimental fish. In Chapter 3, I proposed that a thicker
compact myocardium supported enhanced heat tolerance in the hearts of +4-fish by
supplying a greater proportion of the ventricle with an oxygen-rich coronary blood
supply. Thus, I predicted that +4-fish would display higher abundances of proteins
associated with capillarization, as well as other proteins that enhance tissue oxygen
extraction, such as the oxygen-storage molecule myoglobin (Mb). I also predicted that
+4-fish would display higher abundances of molecular chaperones, which would help
cardiomyocytes maintain protein homeostasis under high temperature conditions. While
my previous findings suggest adaptive plasticity of the heart in response to environmental
temperature, I additionally sought to determine whether markers of maladaptive cardiac
remodelling would be upregulated in the hearts of these fish.

5.2 Materials and Methods
5.2.1

Animal Rearing and Sample Collection

The rearing protocol used here is detailed in Chapter 3 and all experiments were carried
out according to Western University Animal Care protocol 2018-084 (Appendix A).
Briefly, fertilized Atlantic salmon embryos were obtained from the Ontario Ministry of
Natural Resources and Forestry’s Normandale Research Facility (Vittoria, Ontario) and
transported to a hatchery facility at Western University (London, Ontario) 24 hours after
fertilization. Here, embryos were divided between vertical egg tray incubators that
corresponded to two temperature treatments: +0 (reflected current thermal conditions) or
+4 (4°C higher, simulated projected future conditions). Water supplying the +0-incubator
was maintained at 7 ± 0.5°C while the +4-incubator was maintained at 11 ± 0.5°C. At fry
emergence (approximately 4 months for +0-fish and 2.5 months for +4-fish), fish were
transferred to 40 L tanks and rearing temperatures were raised by 4°C in each treatment
to mimic seasonal temperature variation. Juvenile fish were provided with pelleted feed
ad libitum and maintained under these conditions until thermal performance trials were
performed in yearlings (1+).
As described in Chapter 2, I determined the cardiorespiratory thresholds for thermal
performance in Atlantic salmon yearlings from the two developmental treatments by
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measuring the response of maximum heart rate (fHmax) to acute warming using
noninvasive Doppler echocardiography (Muir et al., 2021). For this study, the ventricle
was removed from a subset of fish (N= 6 per treatment) at the onset of
temperature-induced cardiac arrythmias and rinsed twice with PBS to remove excess
blood. Body size did not statistically differ between treatments for fish used in this
analysis, with a mean body mass of 21.6 ± 1 g for +0-fish and 30.8 ± 5 g for +4-fish
(unpaired t-test with Welch’s correction; t5.2 = 1.6, p = 0.16). Ventricles were
immediately placed in 500 µl of TRIzol Reagent (ThermoFisher) and manually trimmed
with sterilized dissection scissors in a 1.5 mL Eppendorf Safe-Lock microcentrifuge tube.
Approximately 50 µl of 1 mm zirconium silicate beads (Next Advance) were then added
to the microcentrifuge tube and the sample was homogenized in a Next Advance Bullet
Blender for 2 minutes at maximum speed. Beads were separated from the lysate by
centrifugation at 12,000 x g for 5 minutes and the supernatant was transferred to a fresh
microcentrifuge and stored at -80°C.

5.2.2

Protein Isolation and Sample Preparation for Mass
Spectrometry

Proteins were isolated from the TRIzol supernatant according to the manufacturer’s
instructions and the protein pellet was resuspended in 8M urea. Protein in 8M urea was
quantified via Bradford Assay and 100 μg of total protein was diluted to 1M urea (pH
8-9) by adding 50mM ammonium bicarbonate. Samples were dried in a speed vac (1-1.5
hours) and reconstituted in 44 μL of 50 mM ammonium bicarbonate. Cysteine residues
were reduced with 1 μL of 100mM TCEP-HCl and shaken at 37°C for 1 hour. Samples
were cooled to room temperature before cysteine residues were alkylated with 1 μL
500mM iodoacetamide and shaken at room temperature and in dark for 45 minutes.
Samples were digested overnight at 37°C with 1 μg Trypsin. The reaction was stopped
with 2 μL acetic acid. The final volume was 50.5 μL. The resulting peptide samples were
desalted using C-18 ZipTips (Millipore, ZTC18M960). Peptides were eluted with 70%
acetonitrile and 0.1% formic acid and dried.
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5.2.3

LC-MS/MS Data Collection

Label-free quantitative proteomics was performed on three samples per treatment (run in
triplicate) at the Donnelly Mass Spectrometry Facility (University of Toronto). Peptides
were analyzed by liquid chromatography – tandem mass spectrometry (LC-MS/MS) on
an EASY-nLC 1200 system (ThermoFisher Scientific) coupled to a Q Exactive HF mass
spectrometer (ThermoFisher Scientific).
Dried samples were reconstituted in 20 mL of 1% formic acid and 5 mL was trapped
within an Acclaim PepMap Trap Column (100 Å, 3 μm, 75 μm x 20 mm; 164946,
Thermo Fisher). After trapping, peptides were separated using an Acclaim PepMap
analytical column (100 Å, 2 μm, 75 μm x 500 mm ; ES803A, Thermo Fisher). Buffer A
contained 0.1% formic acid in water. Buffer B contained 80% acetonitrile in 0.1% formic
acid. The separation was performed in 180 minutes at a flow rate of 220 nL/min, with a
gradient of 5% to 25% buffer B in 155 minutes, following by 25% to 100% in 9 minutes,
and 100% buffer B for 15 minutes. Eluted peptides were directly sprayed into a Q
Exactive HF Mass spectrometer (ThermoFisher Scientific) with collision induced
dissociation using a nanospray ion source (Proxeon). The mass spectrometer was
controlled

by

Xcalibur

software

(ThermoFisher

Scientific)

and

operated

in

data-dependent mode. MS scans recorded the mass-to-charge (m/z) of ions over a range
of 300 – 1650 with a resolution of 60 000 (MS) or 15 000 (MS/MS) full width half
maximum and a target of 3 x 106 (MS) or 1 x 105 (MS/MS) ions. The 20 most intense
multiply charged ions (+2 to +7 charged states) were automatically selected for collisioninduced dissociation in the ion trap with an isolation width of 1.4 m/z and a 0.0 m/z offset.

5.2.4

LC-MS/MS Data Processing

Identification and quantification of cardiac proteins was performed using MaxQuant
version 1.6.6.0 against the UniProt Atlantic salmon (Salmo salar) database (downloaded
February 19, 2020) with enzyme specificity for trypsin. The mass tolerances were 20
ppm for precursor ions and 4.5 ppm for fragment ions. Carbamidomethylation of cysteine
residues was considered a fixed modification, whereas oxidation of methionine residues
and acetylation on protein N-termini were considered variable modifications. Search
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parameters allowed up to two missed tryptic cleavages. A high confidence in the
peptide-protein identifications was assured by using a peptide-to-spectrum match false
discovery rate (FDR) and protein FDR of 0.01 (1%).

5.2.5

Statistical Analysis of Differential Protein Abundance

Raw MaxQuant outputs were imported into the MsqRob Shiny App (run via R) for
differential quantitative analysis between the developmental treatments using a
peptide-based model, following the default pipeline described in Goeminne et al., 2018.
Data were log2-transformed, and a quantile normalization was applied. Developmental
treatment was included as a fixed factor in the model, while sequence, biological
replicate, and technical replicate were included as random factors. P-values were adjusted
for multiple testing using the Benjamini–Hochberg False Discovery Rate procedure, and
the FDR threshold was set to 5%.

5.2.6

Bioinformatics Analysis

Protein ontology of the ventricle proteome was conducted for all identified proteins using
Blast2GO (Götz et al., 2008). Protein sequences were BLASTp searched against the
mammalian (taxa: 40674) NCBI non redundant protein database (June, 2021) to obtain
gene ontology (GO) terms, which were then filtered against Actinopterygii (taxa: 7898) to
remove any terms that are incompatible with bony fishes. GO enrichment analysis using
Fisher’s exact test was performed. Differentially abundant proteins were used as the test
list while all other identified proteins within the dataset were used as the reference list.
GO terms were filtered to display only the most specifically enriched child terms while
excluding more general parent terms. Results were further filtered to only include GO
terms with ≥2 associated proteins within the test list.
Gene set enrichment analysis (GSEA) was additionally performed using the t-statistics
for differential protein abundance computed by MSqRob. The permutation number was
set at 1000 and significance was accepted at an FDR ≤ 0.05. As above, enriched
pathways were further filtered to display only most specifically enriched child terms.
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5.2.7

Western Blotting

Remaining protein lysate from samples submitted for mass spectrometry was
subsequently used for immunoblot analysis (N= 3 per treatment). However, one sample
from the warm-developmental group had insufficient sample volume following mass
spectrometry and was therefore replaced by another ventricular protein sample from the
same treatment group. Samples (10 µg) were diluted with Laemmli’s buffer (BioRad),
boiled for 5 minutes, and loaded onto a 15% polyacrylamide gel and separated by SDSPAGE. Separated proteins were transferred onto a polyvinylidene difluoride (PVDF)
membrane (BioRad) overnight at 4°C using 12V. Membranes were blocked in 5% bovine
serum albumin (BSA) dissolved in tris-buffered saline with 0.05% Tween-20 (TBST)
overnight at 4°C. Blots were then incubated overnight with a primary antibody, followed
by the appropriate secondary antibody for 1 hour at room temperature. Blots were
visualized using a ChemiDoc Imaging System (BioRad) and densitometry was performed
using Image Lab 6.0.1 (BioRad).
Mammalian antibodies were used to confirm patterns in differential abundance between
developmental groups for two proteins detected by mass spectrometry. A rabbit
anti-CIAPIN1 polyclonal antibody (0.2 μg/mL in 5% blocking buffer; NBP1-89096;
Novus Biologicals) was developed against a recombinant protein sequence with 76%
similarity to the S. salar ortholog anamorsin (E value = 5x10-42). A rabbit anti-myosin
light chain 1-3 polyclonal antibody (0.2 μg/mL in 5% blocking buffer; NBP2-57186;
Novus Biologicals) was developed against a recombinant sequence with 77% similarity
to the S. salar ortholog myosin light chain 1-1 (E value = 1x10-11). Amido black was used
to stain total protein on transferred membrane blots. Anamorsin and myosin light chain 11 abundance was standardized against total protein and normalized to the
control-developmental group. Protein abundance was compared between developmental
groups using an unpaired Student’s t-test (α = 0.05).
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5.3 Results
5.3.1

Summary of the Ventricular Proteome

Mass spectra were searched against the UniProt database, and 2310 proteins were
identified across both developmental groups of juvenile Atlantic salmon. Proteins were
categorized based on biological process, cellular component, and molecular function via
protein ontology analysis in Blast2GO, with the top 20 subcategories displayed in Figure
5.1. Cellular and metabolic processes were the most common biological processes, while
binding-related functions dominated the molecular function category. The top
subcategories for cellular component were cellular anatomical entities and intracellular
anatomical structures.
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Figure 5.1 Gene ontology (GO) distribution of the 2310 proteins quantified in both
control (+0) and treatment (+4) Atlantic salmon (Salmo salar) ventricles following
exposure to acute warming. Mass spectra data were searched against the Salmo salar
proteome in the Uniprot database. The top 20 GO terms for biological process, cellular
compartment, and molecular function are presented.
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5.3.2

Differential Protein Abundance in Juvenile Atlantic Salmon
Raised in Two Thermal Regimes

I identified 79 proteins that showed differential abundance between the two
developmental treatments following exposure to acute warming. Enrichment analysis of
all differentially abundant proteins revealed enrichment for several biological processes
related to muscle contraction (Fig. 5.2A). Indeed, terms related to the troponin complex
were enriched in both the cellular component and molecular function categories.
Among the differentially abundant proteins, 43 showed higher abundance in the
warm-developmental group (+4). Notably, this subset of proteins was enriched for
biological processes related to ventricular tissue morphogenesis and mitochondrial
electron transport (Fig. 5.2B). The mitochondrial respiratory chain (complex III) was
further implicated as an enriched cellular component, while molecular functions
pertaining to metal ion binding and structural constituents of muscle were enriched in the
molecular function category. The subset of proteins with a higher abundance in the
control-developmental group (+0; 36 proteins) was enriched for biological processes
related to apoptosis, secondary alcohol metabolism, and protein ubiquitination (Fig.
5.2C). Protein ubiquitination was further implicated within this subset of proteins by
enrichment of ubiquitin-protein transferase activity in the molecular function category.
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Figure 5.2 Gene ontology (GO) analysis of differentially abundant proteins from the
ventricles of juvenile Atlantic salmon (Salmo salar) raised in two thermal regimes
and exposed to acute warming. Bar charts display significantly enriched GO terms
(Fisher’s exact test, p ≤ 0.05) with a minimum of 2 associated proteins for each biological
process, cellular component, and molecular function. Grey bars indicate significance
level (log10(p-value)). Black bars represent the percentage of proteins associated with the
GO term in the reference list (not differentially abundant), while A) purple bars indicate
the percentage of proteins associated with the GO term in the full test list of 79
differentially abundant proteins, B) red bars indicate the percentage of proteins associated
with the GO term in the test list of 43 proteins with higher abundance in the
+4-developmental treatment, and C) blue bars indicate the percentage of proteins
associated with the GO term in the test list of 36 proteins with higher abundance in the
+0-developmental treatment.
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I further investigated trends in differential protein expression between developmental
treatments using gene set enrichment analysis (GSEA; Fig. 5.3), which identifies
overrepresented pathways within the ranked list of differentially abundant proteins.
GSEA revealed significant enrichment for terms related to mitochondria in the
warm-developmental group, specifically, the electron transport chain. In the
control-developmental group, GSEA revealed enrichment for terms related to the
endopeptidase complex and carbohydrate metabolism.
In addition to the enrichment analyses (Figures 5.2 and 5.3), I manually identified a
number of differentially abundant proteins with roles in cell stress, cytoskeleton
organization, cell adhesion, cell signaling, and expression. Therefore, I will expand on
differentially abundant proteins from six functional categories below: metabolism,
muscle contraction, cell integrity, cell stress, tissue morphogenesis, and expression and
translation. A selected list of differentially abundant proteins is presented in Table 5.1.
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Figure 5.3 Gene set enrichment analysis (GSEA) results from a comparison of
ventricular protein abundance in the two developmental treatments (+4 vs. +0) of
juvenile Atlantic salmon (Salmo salar). A positive Normalized Enrichment Score
(NES) value indicates enrichment in the +4-group, while a negative NES value indicates
enrichment in the +0-group. Colour indicates the degree of significance (FDR q-value).
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Table 5.1 Differentially abundant proteins in the ventricles of juvenile Atlantic salmon (Salmo salar) raised in two thermal
regimes (+0 or +4) following exposure to acute warming. A positive log2FC indicates greater abundance in the +4-group, while a
negative log2FC indicates greater abundance in the +0 (control) group. Proteins are ordered by significance based on the FDR q-value
within each subcategory.

Protein
Metabolism

Accession

Function

log2FC

q-value

Cytochrome b-c1 complex subunit 7

B5X6V2

Electron transport chain

0.849

4.639 x 10-11

Aconitate hydratase, mitochondrial

A0A1S3SGT2

TCA cycle

3.44

5.934 x 10-8

Adenosine kinase

B5DGF0

AMP salvage

-0.916

7.412 x 10-5

Triosephosphate isomerase

B5XB51

Glycolysis

-0.366

2.882 x 10-4

Cytochrome c oxidase subunit

B5X6I9

Electron transport chain

0.631

2.882 x 10-4

Alpha-galactosidase

C0HA45

Oligosaccharide metabolism

-2.089

0.025

Isocitrate dehydrogenase [NADP]

B5DGS2

TCA cycle

-1.034

0.040

2-oxoglutarate dehydrogenase, mitochondrial
isoform X1

A0A1S3PRS0

TCA cycle

0.442

0.044

Cytochrome b-c1 complex subunit 1,
mitochondrial-like

A0A1S3P342

Electron transport chain

1.033

0.049

A0A1S3KNT1

Muscle contraction

3.802

Muscle contraction
Tropomyosin alpha-1 chain isoform X1

3.371 x 10-9
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Protein

Accession

Function

log2FC

q-value

3.691

4.806 x 10-7

Conduction regulation

-2.072

1.318 x 10-4

A0A1S3SJ69

Sarcomere organization

-0.879

2.101 x 10-3

Myozenin 2

B5DH18

Sarcomere organization

-1.427

0.019

Troponin C, slow skeletal and cardiac muscle-like

A0A1S3LJ89

Muscle contraction

-1.625

0.024

Troponin I, slow skeletal muscle-like isoform X1

A0A1S3P1Y4

Muscle contraction

2.956

0.030

Dermatopontin-like

A0A1S3MQE7

Cell adhesion

1.399

SH3 domain-containing kinase-binding protein 1like isoform X1

A0A1S3RHE9

Cell migration

-0.563

0.016

Collagen alpha-1(VIII) chain-like

A0A1S3QWL9

Cell adhesion

1.237

0.030

Plexin-B2-like

A0A1S3N1G1

Cell migration

-0.785

0.040

Alpha-dystroglycan

A0A1S3P849

Cell adhesion

0.585

0.043

Small glutamine-rich tetratricopeptide repeatcontaining protein alpha

B5DGG3

Ubiquitin-dependent protein
catabolic process

-1.139

8.200 x 10-9

Zinc-binding protein A33-like

A0A1S3LZC9

Protein ubiquitination

-0.887

3.135 x 10-7

Myosin light chain 1, skeletal muscle isoformlike

B5DH12

Muscle contraction

Myosin-binding protein H-like isoform X1

A0A1S3LFH7

Tropomodulin-1-like isoform X1

Cell integrity
7.379 x 10-3

Cell stress
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Protein

Accession

Function

log2FC

q-value

Anamorsin

B5XEX1

Anti-apoptotic

-1.195

4.806 x 10-7

Aminoacyl-tRNA hydrolase

A0A1S3LS03

Pro-apoptotic

-0.781

9.242 x 10-6

CREG1

A0A1S3MTL4

Autophagy regulation

0.959

4.271 x 10-4

Prefoldin subunit 3

B5XA06

Protein folding

Heat shock protein beta-2

A0A1S3QKN9

Response to heat

Peroxiredoxin-6-like isoform X1

A0A1S3PAZ6

Cell redox homeostasis

-0.778

Voltage-dependent anion-selective channel
protein 2
Proteasome subunit beta

B5DH06

Anti-apoptotic

-0.712

0.013

A0A1S3RIW7

Protein catabolic process

-1.525

0.014

Heat shock 70 kDa protein 9

C0HAF8

Protein folding

0.681

0.019

Small ubiquitin-related modifier 1

A0A1S3P0T6

Response to heat stress

-2.119

0.024

Ubiquitin-conjugating enzyme E2 H

C0H938

Ubiquitin-dependent protein
catabolic process

-0.545

0.024

Selenoprotein M-like

A0A1S3NMW7

Cell redox homeostasis

0.873

0.030

Ubiquitin carboxyl-terminal hydrolase

B9EPR5

Ubiquitin-dependent protein
catabolic process

-0.374

0.033

Thioredoxin, mitochondrial-like isoform X1

A0A1S3R9B0

Cell redox homeostasis

1.139

0.037

S-phase kinase-associated protein 1

B5X9I6

Ubiquitin-dependent protein
catabolic process

-0.809

0.042

-0.742

9.610 x 10-4

0.417

7.010 x 10-3
7.145 x 10-3
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Protein
Tissue morphogenesis

Accession

Function

log2FC

q-value

Tetranectin

B5XCV4

Myogenesis

1.593

6.392 x 10-5

Ribonuclease-like 3

A0A1S3RS25

Angiogenesis

0.846

6.392 x 10-5

S100-A16

B5XDV1

Angiogenesis; Cell
proliferation

1.443

9.886 x 10-4

Protein-glutamine gamma-glutamyltransferase 2

B5X1F9

Blood vessel remodeling

2.515

Mitochondrial import inner membrane translocase
subunit

B5X8D2

Mitochondrial protein
transport

1.053

8.200 x 10-9

28S ribosomal protein S14, mitochondrial

B9EN50

Mitochondrial translation

0.654

7.092 x 10-3

Pre-mRNA-splicing factor SPF27

B5XBW1

RNA splicing

-0.636

7.379 x 10-3

40S ribosomal protein S13

A0A1S3KN82

Translation

1.931

0.013

40S ribosomal protein S15a

B5DGX3

Translation

4.380

0.025

G-rich sequence factor 1

A0A1S3M7H9

Regulation of RNA splicing

-1.056

0.033

U6 snRNA-associated Sm-like protein LSm4

A0A1S3T4N9

P-body assembly

0.729

0.046

0.018

Expression and translation
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5.3.3

Metabolism

Several components of the mitochondrial electron transport chain showed increased
abundance in the warm-developmental group (Table 5.1). These proteins included two
subunits of complex III (cytochrome b-c1 complex subunit 7 and cytochrome b-c1
complex subunit 1) and one subunit of complex IV (cytochrome c oxidase subunit). Two
proteins associated with the TCA cycle also displayed increased abundance in the warmdevelopmental group (aconitate hydratase and 2-oxoglutarate dehydrogenase), while
abundance of isocitrate dehydrogenase [NADP] was reduced (Table 5.1).
Conversely, two proteins associated with carbohydrate metabolism were more abundant
in the control-developmental group (Table 5.1). Specifically, levels of the glycolytic
protein triosephosphate isomerase were higher in the hearts of +0-fish, as were levels of
alpha-galactosidase ‒‒which functions to breakdown oligosaccharides. Abundance of the
adenosine monophosphate (AMP)-salvage enzyme, adenosine kinase, was also higher in
the control-developmental group.

5.3.4

Muscle Contraction

A number of proteins associated with muscle contraction were differentially abundant
between the developmental groups (Table 5.1). With the exception of troponin C,
components of the troponin-tropomyosin complex showed large increases in the hearts of
+4-fish, including tropomyosin alpha-1 (isoform X1), myosin light chain 1 (skeletal
muscle isoform-like), and troponin I (slow skeletal muscle-like isoform X1). In the
control-developmental group, I observed higher abundance of two proteins associated
with sarcomere organization: myozenin 2 and tropomodulin-1-like (isoform X1).
Myosin-binding protein H-like (isoform X1), which functions within the cardiac
conduction system, also displayed higher abundance in the hearts of +0-fish.

5.3.5

Cell Integrity

Common among differentially abundant proteins were those associated with the
cytoskeleton and extracellular matrix (Table 5.1). Three proteins involved in cell
adhesion were more abundant in the hearts of +4-fish: dermatopontin-like, collagen
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type-VIII, and alpha-dystroglycan. Meanwhile, two proteins associated with cell
migration (SH3 domain-containing kinase-binding protein 1 and plexin-B2-like) were
more abundant in the control-developmental group.

5.3.6

Cell Stress

Among the differentially abundant proteins, many were associated with cellular stress
responses (Table 5.1). A number of proteins associated with ubiquitin-dependent protein
degradation showed increased abundance in the hearts of +0-fish, including small
glutamine-rich tetratricopeptide repeat-containing protein alpha, zinc-binding protein
A33-like, small ubiquitin-related modifier 1, ubiquitin-conjugating enzyme E2 H,
ubiquitin carboxyl-terminal hydrolase, and S-phase kinase-associated protein 1.
Proteosome subunit beta was also more abundant in the control-developmental group.
Prefoldin (subunit 3), a molecular chaperone which combats protein aggregation, also
displayed increased abundance in the control developmental group. Conversely, two heat
shock chaperones (heat shock protein beta-2 and heat shock 70 kDa protein 9) were more
abundant in the warm-developmental group, as well as the autophagy regulator cellular
repressor of E1A stimulated genes 1 (CREG1) (Table 5.1).
Proteins involved in cellular protection against oxidative stress also displayed differential
abundance between developmental groups, with selenoprotein M-like and thioredoxin
(mitochondrial-like isoform X1) showing higher abundance in the +4-group, and
peroxiredoxin-6-like (isoform X1) showing higher abundance in the +0-group. Finally,
three proteins associated with apoptosis displayed higher abundance in the hearts of
+0-fish: the anti-apoptotic anamorsin and voltage-dependent anion-selective channel
protein 2, and the pro-apoptotic aminoacyl-tRNA hydrolase.

5.3.7

Tissue Morphogenesis

A number of cell signaling proteins with roles in tissue morphogenesis were differentially
abundant between the developmental groups (Table 5.1). Notably, three proteins which
promote angiogenesis (ribonuclease-like 3 and S100-A16) and blood vessel remodelling
(protein-glutamine gamma-glutamyltransferase 2) were more abundant in the
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warm-developmental group. Tetranectin, a secreted protein associated with myogenesis
during embryonic development, also displayed higher abundance in the hearts of +4-fish.

5.3.8

Expression and Translation

A number of proteins involved in protein biosynthesis were found to be more abundant in
the hearts of +4-fish, including 28S ribosomal protein S14 (mitochondrial), 40S
ribosomal protein S13, and 40S ribosomal protein S15 (Table 5.1). Mitochondrial import
inner membrane translocase subunit, associated with protein import into the
mitochondria, also showed higher abundance in the +4-group.
Proteins involved in post-transcriptional regulation were also differentially abundant
between the developmental groups (Table 5.1). Two proteins associated with RNA
splicing, pre-mRNA-splicing factor SPF27 and G-rich sequence factor 1, were more
abundant in the control-developmental group; while U6 snRNA-associated Sm-like
protein

LSm4,

involved

in

P-body

assembly,

was

more

abundant

in

the

warm-developmental group.

5.3.9

Western Blotting

To corroborate differential protein abundance detected by mass spectrometry, we
performed Western blotting for myosin light chain 1-1 and anamorsin (Fig. 5.4). Mass
spectrometry identified a greater abundance of myosin light chain 1-1 in the hearts of
+4-fish (log2FC = 3.691; q = 4.806 x 10-7). A similar trend was detected using Western
blotting, though the difference between developmental groups did not reach statistical
significance (log2FC = 1.325; p = 0.076). Similarly, the lower abundance of anamorsin
detected by mass spectrometry in +4-fish (log2FC = -1.195; q = 4.806 x 10-7) was
mirrored by immunoblot analysis but did not reach statistical significance (log2FC =
-1.046; p = 0.074).
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Figure 5.4 Western blotting analysis of myosin light chain 1-1 and anamorsin
abundance in the ventricles of juvenile Atlantic salmon (Salmo salar) raised in two
thermal regimes and exposed to acute warming. A) Western blot image showing
single myosin light chain 1-1 band at 21 kDa for 3 biological replicates per
developmental group, as well as the same blot stained for total protein using Amido
black. B) Western blot image showing single myosin anamorsin band at 33 kDa for 3
biological replicates per developmental group, as well as the same blot stained for total
protein using Amido black. C) Comparison of protein abundance as quantified by mass
spectrometry (grey bars; N= 3) or Western blotting (white bars; N= 3). Data is mean fold
change (log2 transformed) ± SEM of protein abundance in the +4-group relative to the
+0-control group.
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5.4 Discussion
The heart is often considered the lynchpin of thermal performance in fishes, and is
capable

of

remodelling

to

suit

an

organism’s

thermal

environment.

This

temperature-dependent plasticity can involve changes in cardiac performance, heart
morphology, and the cardiac proteome. I previously demonstrated that a 4°C increase in
rearing temperature increased the cardiorespiratory thresholds for thermal performance in
juvenile Atlantic salmon, as well as the proportion of compact myocardium within the
heart (Chapter 3). In the present study, I examined the ventricular proteomes of the same
experimental fish. Selected differences in relative protein abundance are discussed below,
with a particular focus on how they may contribute to the observed differences in thermal
performance and myoarchitecture between developmental treatments.

5.4.1

Protein Homeostasis

Thermal stress is known to disrupt protein integrity, which can lead to an accumulation of
misfolded and damaged proteins. Increased expression of molecular chaperones,
particularly heat shock proteins, is a well-documented response to thermal stress in fish
warming (Anttila et al., 2014; Jørgensen et al., 2014; Logan and Somero, 2011;
Podrabsky and Somero, 2004). Per my prediction, I observed higher protein abundance
for two heat shock proteins (heat shock protein beta-2 and heat shock 70 kDa protein 9)
in the warm-developmental group. These differences may represent a rapid heat shock
response to the acute warming protocol. However, previous studies on the steady-state
transcriptome of warm-acclimated salmonid hearts would suggest that this represents a
sustained, long-term response to a warmer thermal environment, which can pre-condition
fish to handle thermal stress events (Jørgensen et al., 2014; Vornanen et al., 2005).
When proteins cannot be repaired by molecular chaperones, they are selectively degraded
via lysosomal autophagy or the ubiquitin-proteasome system (Wang and Robbins, 2014).
Indeed,

I observed significant enrichment

for proteins associated with the

ubiquitin-proteasome system in the control-developmental group. An upregulation of the
ubiquitin-proteasome pathway may indicate an accumulation of unfolded proteins in the
hearts of +0-fish during acute warming, relative to fish that developed under warmer
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thermal conditions (+4). In the +4-group, I observed higher abundance of CREG1, which
is thought to play a cardioprotective role in the mammalian heart by activating lysosomal
autophagy and antagonizing cardiac fibrosis (Song et al., 2017; Yan et al., 2015). An
improved ability to maintain protein homeostasis under high temperature conditions may
therefore contribute to the improved thermal performance of +4-fish.

5.4.2

Metabolism

The vertebrate heart is a highly oxidative organ requiring high rates of aerobic ATP
production to sustain its continuous contractile work (Driedzic, 1978). Decreased
expression of metabolic enzymes is sometimes observed with warm-acclimation in fish,
which is thought to compensate for temperature-dependent increases in enzymatic rate
(Jayasundara et al., 2013). However, a reduction in the maximum capacity for aerobic
metabolism in the heart may result in an inadequate energy supply when confronted with
acute stressors that increase cardiac demands (Jayasundara and Somero, 2013). In the
present study, the most strongly enriched subset of proteins showing higher abundance in
+4-fish were those associated with the mitochondrial electron transport system (ETS).
Increased abundance of ETS proteins per gram of tissue may indicate a higher
mitochondrial density and increased oxidative capacity in the hearts of +4-fish. I also
observed higher abundances of two TCA cycle proteins in the warm-developmental
group, while isocitrate dehydrogenase abundance was reduced. Similar shifts in
metabolic protein abundance were observed in the eurythermal goby Gillichthys mirabilis
following acclimation from 13°C to 19°C, such that proteins involved in the TCA cycle
and oxidative phosphorylation were more abundant in the hearts of warm-acclimated fish
(Jayasundara et al., 2015). Similarly, a comparison of Antarctic fishes found that cardiac
tissue from the more thermally tolerant Notothenia coriiceps species had a higher
capacity for aerobic ATP-production compared to the less tolerant Chaenocephalus
aceratus (O’Brien et al., 2018). This improved performance coincided with an increase in
mitochondrial protein abundance following exposure to their critical thermal maximum
(CTmax). The increased abundance of proteins involved in oxidative metabolism may
therefore indicate an improved capacity for aerobic ATP-production in the myocardium
of +4-fish. Paired with an improved oxygen-delivery system to the myocardium, this may
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partly explain how +4-fish maintain cardiac function to higher temperatures than control
fish.
Conversely, two proteins associated with anaerobic carbohydrate metabolism showed
higher abundance in the +0-group, along with the AMP-salvage enzyme, adenosine
kinase. Together, these findings may indicate a perturbation of the energy state within
cardiomyocytes of +0-fish under high temperature conditions (O’Brien et al., 2018).

5.4.3

Vascularization

I previously reported that the hearts of +4-fish contained greater proportions of compact
myocardium (Chapter 3), which receives an oxygen-rich coronary blood supply. In
accordance with my prediction, here I detected higher abundances of angiogenesisassociated cell signaling proteins in the hearts of +4-fish. I additionally observed higher
abundance of cell adhesion molecules associated with the vasculature in the +4-group.
For example, collagen type-VIII is expressed in blood vessel endothelia and promotes
vessel wall integrity (Robertson and Watton, 2013; Shuttleworth, 1997). The
dystroglycan complex, which limits activity-induced myocardial damage, is also thought
to promote angiogenesis (Hosokawa et al., 2002; Michele et al., 2009). Increased
abundance of angiogenic proteins may simply reflect the higher proportion of
vascularized compact myocardium in the ventricular tissue of +4-fish, or could reflect an
induction of further capillarization within the compact myocardium in response to the
higher oxygen demands of a warmer thermal environment. Warm-acclimation has been
shown to induce capillarization in the hearts of juvenile Arctic charr (Anttila et al., 2015),
and increase the expression of the angiogenic factor vascular endothelial growth factor
(VEGF) in adult Atlantic salmon (Jørgensen et al., 2014). While I did not detect an
increase in VEGF, I identified other candidate proteins which may support capillarization
during environmental remodelling of the teleost heart (ribonuclease-like 3, S100-A16,
and protein-glutamine gamma-glutamyltransferase 2). As recent studies have highlighted
the importance of the coronary blood supply for maintaining cardiac function under high
temperature conditions (Ekström et al., 2019, 2017a; Morgenroth et al., 2021), improved
vascularization of the myocardium may contribute to the improved thermal performance
of +4-fish by enhancing oxygen delivery to the ventricle.

145

Oxygen extraction by the myocardium can also be enhanced by the presence of cardiac
myoglobin, which facilitates oxygen storage and diffusion to the mitochondria. While
higher Mb concentrations have previously been associated with increased heat tolerance
in Atlantic salmon (Anttila et al., 2013), I did not detect differences in Mb abundance
between developmental treatments. However,

a higher density of mitochondria (as

suggested in the previous section) would similarly minimize oxygen diffusion distances
within cardiomyocytes. Taken together, these findings suggest an enhanced capacity for
tissue oxygen extraction in the hearts of +4-fish.

5.4.4

Cardiac Hypertrophy

In the present study, I provide molecular evidence that cardiomyocyte hypertrophy may
contribute to the previously observed expansion of compact myocardium in the ventricles
of +4-fish (Chapter 3). A hypertrophic model of cardiac growth is supported by the
increased abundance of several troponin-complex proteins in the warm-developmental
group, as this suggests that additional contractile machinery is being added to existing
cardiomyocytes. Notably, I observed large increases in the abundance of tropomyosin
alpha-1 and myosin light chain 1-1. Increased expression of α-tropomyosin and the
myosin light chains is regularly observed with cardiac hypertrophy in mammals (Lim et
al., 2001; Swynghedauw, 1999). I also detected increased abundance of the slow skeletal
isoform of TnI (ssTnI), which is developmentally regulated in the mammalian heart
(Saggin et al., 1989). Interestingly, ectopic expression of ssTnI in cultured
cardiomyocytes from adult rats enhanced their contractile sensitivity to Ca2+-activation
(Westfall et al., 1997). Meanwhile, the sarcomere organizing protein myozenin 2, which
is a known repressor of cardiac hypertrophy in the mammalian heart (Osio et al., 2007),
had lower abundance in +4-fish compared to the controls.
A hypertrophic model of cardiac growth is further supported by the increased abundance
of ribosomal proteins in the hearts of +4-fish. Increasing the capacity for protein
synthesis is essential for compensatory hypertrophy (Hannan et al., 2003), and genes
encoding ribosomal proteins were similarly upregulated during cold-induced hypertrophy
of the trout heart (Vornanen et al., 2005). The increased abundance of proteins related to
mitochondrial protein synthesis (28S ribosomal protein S14) and import (mitochondrial
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import inner membrane translocase subunit TIM13) further support the notion of
increased mitochondrial capacity in the hearts of +4-fish. Indeed, TIM13 was similarly
upregulated in the hearts of Antarctic icefish with higher thermal tolerance following
exposure to acute warming (O’Brien et al., 2018).

5.4.5

Cardiac Pathology

A recent study in Atlantic salmon demonstrated that rapid smolt production under
elevated rearing temperatures results in the expression of cardiac pathology markers
(ANP and BNP) and maladaptive thickening of the compact myocardium (Frisk et al.,
2020). While the changes in protein abundance observed here suggest a hypertrophic
expansion of the compact myocardium in +4-fish, I did not detect differences in the
typical markers of pathological hypertrophy (ANP, BNP, RCAN1, etc.). Frisk et al.
(2020) also described increases in ventricular roundness and relative ventricle size in the
warm-developmental group, which were not observed in the +4-fish examined here
(Chapter 3). As noted by the authors, the pathological phenotype of ‘fast smolts’
resembles cortisol-induced cardiac remodelling reported in farmed rainbow trout
(Johansen et al., 2017). Paired with comparisons to the present study, this suggests that
the maladaptive cardiac remodelling induced by rapid smolt production is likely mediated
by

additional

stressors,

rather

than

temperature

alone.

Therefore,

the

temperature-dependent changes in cardiac phenotype described here appear to be
adaptive.
However, while the typical markers of cardiac pathology were not upregulated in our
study, I did observe increased abundance of tetranectin in the hearts of +4-fish.
Tetranectin promotes muscle cell differentiation during embryonic development, but
re-expression in the adult heart has been associated with pathological cardiac fibrosis in
mammals (McDonald et al., 2020; Wewer et al., 1998). To our knowledge, this is the first
time that tetranectin has been implicated in remodelling of the teleost heart and further
investigations into its role are therefore warranted.
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5.4.6

Conclusions

In conclusion, this study provides the first proteomic analysis of the molecular
mechanisms supporting temperature-induced cardiac phenotypes in juvenile Atlantic
salmon. While many studies have examined the transcriptional response to thermal
acclimation and acute temperature stress in the teleost heart (Anttila et al., 2014;
Jayasundara et al., 2013; Jørgensen et al., 2014; Vornanen et al., 2005), few studies have
examined changes to the cardiac proteome in response to temperature (Jayasundara et al.,
2015; O’Brien et al., 2018). I previously demonstrated that fish exposed to a warmer
thermal environment throughout development (+4°C) displayed increased proportions of
compact myocardium within their hearts and maintained cardiac function to higher
temperatures during acute warming (Chapter 3). Here, I observed changes in protein
abundance that support a hypertrophic model of compact myocardium growth, as well as
capillarization of the compact myocardium in +4-fish. I also report temperature-induced
changes in proteins related to oxidative metabolism and protein homeostasis, suggesting a
role for these processes in mediating thermal plasticity of cardiac function. Given that
cardiac tissue was collected following exposure to acute warming, I am unable to
definitively distinguish between constitutive and acute differences in protein abundance
between developmental groups. However, similar changes in the abundance of proteins
involved in aerobic metabolism and protein homeostasis have been observed in
steady-state examinations of warm-acclimated fish (Jayasundara et al., 2015). Altogether,
the increased abundance of proteins involved in oxidative metabolism, along with an
expanded compact myocardium undergoing angiogenesis, suggest an enhanced energetic
support system in the hearts of fish reared in a warmer thermal environment. I did not
detect increases in molecular markers of cardiac pathology in the present study, nor do
these fish display physical indicators of cardiomyopathy (rounded ventricles, increased
RVM, and impaired stroke volume; Chapter 3). Thus, these temperature-dependent
changes in the cardiac phenotype appear to be adaptive and may contribute to the
improved thermal performance of +4-fish. Investigations into how this cardiac phenotype
changes with age, and whether differences in thermal performance are maintained in later
life stages, would be fruitful.
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Chapter 6

6

General Discussion

The cardiorespiratory system is key to maintaining thermal performance in many fishes,
as a collapse in aerobic scope is thought to limit heat tolerance. In particular,
temperature-induced heart failure —resulting in diminished oxygen transport to tissues—
is considered a primary determinant of upper thermal tolerance limits (Farrell, 2009).
Further, many traits which increase the capacity for oxygen uptake and delivery to tissues
have been associated with improved thermal performance in fish. Temperature-dependent
plasticity within the cardiorespiratory system is therefore a critical determinant of the
ability of fishes to cope with a changing thermal environment. The overall goal of this
research was to assess the capacity for developmental plasticity in oxygen-limited
thermal tolerance in juvenile Atlantic salmon, and identify proximate mechanisms
through which this plasticity may be achieved across multiple levels of organization
within the cardiorespiratory system.
My first objective was to expand the methodological toolbox for examining thermal
performance and cardiac function in small fishes (Chapter 2), by adapting a noninvasive
small-rodent Doppler echocardiograph system for use in a juvenile salmonid. In my
remaining objectives, I examined the effects of developmental temperature on the
cardiorespiratory system of juvenile Atlantic salmon reared under current (+0°C) or
projected future (+4°C) temperature conditions from fertilization. My general hypothesis
was that exposure to chronically warmer temperatures throughout development would
make juvenile fish more resilient to acute heat stress, and that improvements to thermal
performance would be associated with cardiorespiratory phenotypes that enhance aerobic
capacity in fish. In Chapter 3, I described the effect of developmental temperature on the
thermal performance of cardiac function, and showed substantial plasticity in the
cardiorespiratory thresholds for thermal tolerance. The next objective of this chapter was
to investigate developmental plasticity in maximum cardiac function, as a potential driver
of improved heat tolerance. Contrary to my prediction, developmental temperature did
not affect maximum cardiovascular capacities in juvenile Atlantic salmon. My fourth
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objective was to examine whether developmental temperature altered cardiorespiratory
morphology in juvenile Atlantic salmon (Chapters 3 and 4), to identify features of
cardiorespiratory robustness that may improve oxygen-limited thermal tolerance. Here, I
detected developmental plasticity in morphological traits which would improve oxygen
uptake at the gills, as well as oxygen supply to the heart itself (increased proportion of
compact myocardium). However, there was a lack of plasticity in traits which would
increase stroke volume of the heart and oxygen-carrying capacity of the blood. Finally,
my fifth objective was to generate hypotheses regarding the molecular mechanisms
underlying temperature-dependent plasticity in the heart, by comparing cardiac
proteomics between juvenile Atlantic salmon raised in the two temperature-treatments
(Chapter 5). Proteins related to ventricular morphogenesis, oxidative metabolism, and
protein homeostasis displayed substantive shifts in abundance between developmental
treatments, suggesting an important role for these processes in mediating thermal
plasticity of the heart. Overall, my findings suggest that temperature-dependent plasticity
can mediate thermal performance of the cardiorespiratory system over a developmental
timeframe in juvenile Atlantic salmon, and provides insights into the functional,
morphological, and molecular mechanisms through which this plasticity is achieved.

6.1 Contributions to the Field and Future Directions
6.1.1

Developmental Temperature Alters Acute Heat Tolerance in
Juvenile Atlantic Salmon

As the climate warms, one of the most noticeable impacts on salmonids will be heat
stress in freshwater environments (Crozier et al., 2008). Streams and rivers are less
thermally stable than marine environments, making salmon particularly vulnerable to
high water temperatures during freshwater stages. In juvenile salmonids, increased river
temperatures have been shown to create aerobically constrained environments and limit
survival during this critical life stage (Crozier and Zabel, 2006; Gradil et al., 2016;
Muñoz et al., 2015). In adults, high river temperatures impose thermal barriers on
upriver spawning migrations by critically impairing cardiac performance (Crossin et al.,
2008; Crozier and Zabel, 2006; Eliason et al., 2011; Farrell et al., 2008; Martins et al.,
2012). In the case of semelparous Pacific salmon, adults fail to complete their spawning
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migrations when river temperatures exceed TOpt, resulting in a lifetime reproductive
fitness of zero (Farrell et al., 2008). Thus, acute responses to elevated temperature have
ecological and evolutionary relevance in anadromous salmonids, and will only increase in
importance as climate change increases the frequency and severity of extreme heat events
(IPCC, 2021). In Chapter 3, I demonstrated that exposure to chronically warmer
temperatures (+4°C) during development can improve heat tolerance at the level of the
heart in juvenile Atlantic salmon. Thus, increases in average temperatures during early
development may help buffer juvenile salmonids against acute heat events during the
summer months.
However, it is important to note that there are limitations on the capacity for fish to
withstand elevated developmental temperatures. Heat tolerance varies throughout
ontogeny, with embryos and spawners being the most thermally sensitive life stages
(Dahlke et al., 2020). For the present work, I attempted to include a +8°C treatment
wherein eggs were incubated at 15°C. However, no fish from this treatment survived to
hatching, indicating an embryonic thermal limit of ≤15°C in this population. This
estimation is similar to a previous finding in European Atlantic salmon, which found that
normal embryonic development could not occur above 16°C (Ojanguren et al., 1999).
Increased egg incubation temperatures can also have sublethal effects on salmon,
including smaller body sizes and morphological abnormalities (Ojanguren et al., 1999).
Here, the temperature-dependent developmental plasticity associated with a 4°C increase
in rearing temperature appears to be adaptive, based on the absence of a temperature-size
trade-off and lack of morphological or molecular features of pathological cardiac
remodelling. Nevertheless, future investigations into possible performance trade-offs
incurred by increased developmental temperature are needed.
I examined acute heat tolerance in juveniles using the rate transition temperatures for
fHmax, TAB and TArr, which approximate the optimum temperature (TOpt) and upper
thermal limit (TCrit) for aerobic scope, respectively. This method of using fHmax
measurements during acute warming to estimate TOpt and TCrit was first verified in
anaesthetized coho salmon, in parallel with direct measures of aerobic scope (Casselman
et al., 2012). This technique has since been verified and applied in a number of other fish
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species, including rainbow trout (Anttila et al., 2013a), Arctic charr (Gilbert et al., 2020),
zebrafish (Sidhu et al., 2014), and goldfish (Ferreira et al., 2014). In Chapter 2, I
developed a new technique for obtaining these measures in small fishes, along with
noninvasive measures of cardiac flow patterns during acute warming. In the face of rapid
climate warming, tools for examining the thermal performance of cardiac function will
better our understanding of how rising temperatures will impact temperate salmonids,
towards conserving these ecologically and economically important species. Indeed,
cardiorespiratory thresholds for thermal performance are now being integrated into
evidence-based management strategies for salmon (Cooke et al., 2012; DFO, 2012).

6.1.2

Developmental Plasticity Mediates Traits Which Preserve
Cardiac Function Under High Temperature Conditions

The heart has a well-established role in mediating thermal performance in fishes.
Increasing heart rate is the primary mechanism for supporting increased tissue oxygen
demands and temperature-induced heart failure is thought to set the upper thermal limit
for aerobic performance (Farrell, 2009). Many studies have suggested that improved
thermal performance is driven by an enhanced maximum capacity for convective blood
transport (Anttila et al., 2013b; Anttila et al., 2014b; Chen et al., 2018; Farrell, 2009;
Muñoz et al., 2015; Ozolina et al., 2016; Safi et al., 2019). In juvenile Atlantic salmon, I
have shown that exposure to elevated temperatures throughout development increased the
thermal limits for cardiac performance, but did not alter the heart’s inherent capacity for
cardiac output. In Chapter 3, I observed a lack of developmental plasticity in traits which
would increase the heart’s maximum capacity for convective blood transport (relative
ventricle size, peak stroke distance, and peak fHmax). Rather, I observed plasticity in traits
which may preserve cardiac function under high temperature conditions and delay the
onset of temperature-induced heart failure (Chapters 3 and 5).
In this thesis, I present evidence that developmental plasticity can mediate acute thermal
tolerance by improving the energetic status of the heart during heat stress. As previously
mentioned, two proposed triggers for temperature-induced heart failure are limitations in
myocardial oxygenation (Clark et al., 2008; Ekström et al., 2017a; Farrell et al., 2009)
and impaired mitochondrial ATP production (Chung et al., 2017; Hilton et al., 2010;
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Iftikar and Hickey, 2013; Iftikar et al., 2014). In Chapter 3, histological analysis revealed
thicker compact myocardial layers in +4-fish. In the mixed-type ventricles of salmonids,
the compact myocardium is the portion of the ventricle which receives a coronary blood
supply, while the spongy myocardium relies on luminal circulation from returning venous
blood (Davie and Farrell, 1991). Thus, a higher proportion of compact myocardium
translates to an increased proportion of the myocardium receiving a reliable oxygen
supply as venous PO2 becomes limited during periods of high water temperature.
Proteomic analysis of the ventricle also detected increased abundance of several proteins
associated with blood vessels and angiogenesis in the warm-developmental group
(Chapter 5), further suggesting an enhanced vasculature in the myocardium of +4-fish.
Thus, an increased coronary blood supply to the heart may have contributed to the ability
of these fish to maintain cardiac function to higher temperatures, which in turn, allows for
the continued transport of blood to systemic tissues. Reduced oxygenation of the
myocardium is also known to limit contractility, thereby compromising stroke volume at
high temperatures (Morgenroth et al., 2021). Indeed, in Chapter 3, stroke distance tended
to decline more rapidly with warming in the hearts of +0-fish. Thus, an improved oxygen
supply to the heart may limit reductions in stroke volume during acute thermal stress.
Cardiac proteomics in Chapter 5 also indicated higher abundances of mitochondrial
proteins in the hearts of +4-fish. This finding may be indicative of higher mitochondrial
densities within the cardiomyocytes of fish reared in warmer thermal conditions, which
would enhance oxygen extraction by the myocardium and increase its oxidative capacity.
However, increases in mitochondrial density are more frequently observed following cold
acclimation, to compensate for the negative effects of temperature on diffusivity and
enzymatic reaction rates (Shiels et al., 2011). Chronic exposure to warmer temperatures
has been shown to reduce the catalytic capacity of oxidative enzymes in several species,
including killifish and European perch (Chung et al., 2017; Ekström et al., 2017b).
However, studies examining the hearts of warm-acclimated fish with higher acute
thermal tolerances have also found an increase in the abundance of oxidative enzymes
(Jayasundara et al., 2015) and increased capacities for mitochondrial respiration (Gerber
et al., 2020), including in Atlantic salmon (Gerber et al., 2020). Thus, acclimatory
responses of the mitochondria may differ between species. The active life history and
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high aerobic capacity of Atlantic salmon, as well as the thermal variability of the
freshwater streams that they inhabit, may partly explain why warm-acclimation did not
downregulate mitochondrial respiration in these fish (Gerber et al., 2020).
The heart is a highly oxidative organ that is almost exclusively dependent on aerobic
metabolism to support its continuous contractile work (Driedzic, 1978). Since increasing
heart rate is the primary mechanism for supporting heightened tissue oxygen demands
during warming, this contractile work increases during acute thermal stress. Therefore, an
increased capacity for oxidative metabolism may reduce the limitations on aerobic ATP
production that contribute to temperature-induced heart failure during warming (Gerber
et al., 2020). Altogether, these parallel increases in the proportion of compact
myocardium, capillarization, and capacity for aerobic metabolism may represent an
‘impedance match’ between oxygen supply to the myocardium and the oxidative capacity
of cardiomyocytes in fish maintaining cardiac function to higher temperatures (Egginton
and Sidell, 1989). Indeed, the proportion of compact myocardium, coronary blood
supply, and abundance of metabolic enzymes are closely intertwined in determining the
aerobic capacity of the salmonid heart. In rainbow trout, coronary ligation prevented
exercise-induced increases in aerobic enzymes and reduced the proportion of compact
myocardium (Farrell et al., 1990). While the proposed impedance match would help
maintain aerobic ATP production during acute warming, thermal impairment of
mitochondrial function is also known to drive temperature-induced heart failure at
critically high temperatures (Ekström et al., 2017b; Iftikar and Hickey, 2013; Iftikar et al.,
2014). In Atlantic salmon, Gerber et al. (2020) demonstrated that a 5-month warmacclimation substantially improved the capacity and efficiency of mitochondrial
respiration in cardiac tissue under heat stress, as well as the integrity of the outer
mitochondrial membrane at critically high temperatures. Thus, future studies should
similarly examine the functionality and integrity of cardiac mitochondria during thermal
stress in juvenile salmonids exposed to elevated temperatures during development.
Indeed, there are several aspects of my proposed ‘impedance match’ model which
warrant further exploration. Descriptive studies that identify morphological correlates of
improved thermal performance are useful in generating hypotheses about the mechanisms
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underlying acute heat tolerance in fish. However, future investigations into the causative
role that a higher proportion of vascularized compact myocardium plays in supporting the
cardiac performance of juvenile salmonids at high temperatures would be fruitful. While
increased capillarization of the compact myocardium is implied by the increased
abundance of blood vessel and angiogenesis-related proteins in Chapter 5, histological
examinations of the degree of capillarization within the compact myocardium would be
useful in confirming this pattern. Further, the functional significance of an improved
coronary supply to heat tolerance should be further investigated in salmonids at this life
stage. An increased proportion of compact myocardium has previously been reported in
Atlantic salmon parr with higher optimal temperatures for cardiac function (TAB) (Anttila
et al., 2014a), and previous studies in adult salmonids have demonstrated that ligation of
the coronary artery reduces heat tolerance (Ekström et al., 2019; Morgenroth et al., 2021).
While the feasibility of coronary ligation will be lower in a salmonid of this size (10-50
g, compared to 400-1000 g in previous studies), such experiments would provide
valuable information about the role that oxygen supply to the myocardium plays in
supporting acute heat tolerance in juvenile salmonids.
Upper lethal limits are likely mediated by cascading thermal failures across multiple
levels of organization, including enzyme inactivation, protein denaturation, disrupted
membrane integrity, and oxidative stress. Indeed, proteomic analysis in Chapter 5
revealed changes in the abundance of proteins related to protein homeostasis and redox
homeostasis. Molecular chaperones and the oxidative stress response are important
mediators of thermal stress on a cellular level, and are upregulated in a number of tissues
during warming (Tan et al., 2016). However, temperature-dependent heart failure
undoubtedly plays a crucial role in setting ecologically relevant thermal limits in highly
active fish. The plastic adjustments described in this section may therefore improve the
heat tolerance of Atlantic salmon by supporting aerobic function of the myocardium
under high temperature conditions.

6.1.3

There’s More Than One Way to Skin a Fish

The oxygen- and capacity-limited thermal tolerance (OCLTT) hypothesis suggests that
upper temperature tolerance in fish is limited by the animal’s capacity to meet increasing

160

energy demands through aerobic processes (Pörtner and Knust, 2007). Thus, my
overarching hypothesis was that if increased developmental temperature improved the
acute thermal tolerance of juvenile fish, fish reared at elevated temperatures would
display cardiorespiratory traits that enhance oxygen transport from the environment to
tissue mitochondria.
Heart rate is the primary mechanism for increasing oxygen delivery to tissues, and
thermal plasticity has previously been shown to mediate peak fHmax in salmonids (Anttila
et al., 2014b; Muñoz et al., 2015). While peak fHmax varied with heat tolerance at the
individual level in Chapter 3, I did not observe an effect of developmental temperature on
peak fHmax. There is considerable interest in how other mechanisms within the
cardiorespiratory system, besides heart rate, can shape thermal performance in fish. In
Chapters 3 and 4, I demonstrated that developmental temperature altered morphological
traits associated with interspecific differences in aerobic capacity in teleosts, lending
support to the OCLTT hypothesis. As mentioned above, fish from the warmdevelopmental group displayed an improved infrastructure for oxygen delivery to the
heart itself (thicker compact myocardium; Chapter 3). In Chapter 4, I found that
developmental temperature also altered gill coverage by the ILCM, such that fish
exposed to elevated temperatures during development had an increased surface area for
oxygen uptake. These features of cardiorespiratory robustness have previously been
associated with swimming performance in juvenile salmon (Anttila et al., 2014a).
Atlantic salmon parr that were identified as good swimmers had thicker compact
myocardia and taller gill lamellae compared to poor swimmers. Similar to the present
work, fish from the Anttila study displayed higher optimal temperatures for cardiac
performance (TAB), but not higher peak heart rates.
In contrast to previous observations in Chinook salmon (Muñoz et al., 2018),
developmental temperature did not have a significant effect on hematocrit (Chapter 4),
which largely determines oxygen-carrying capacity of the blood. In the Muñoz study, a
4°C increase in developmental temperature was associated with a heightened capacity to
increase Hct during thermal stress and a 1°C increase in CTmax (Muñoz et al., 2018), but
had little effect on TArr (Muñoz et al., 2015). Thus, it is possible that increases in Hct help
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maintain oxygen delivery to tissues after cardiac function collapses, which occurs at
lower temperatures than CTmax.
These patterns demonstrate that fish species (and populations) can differ in their capacity
for plasticity in thermal tolerance, as well as the proximate mechanisms through which
that plasticity is achieved. Further, plasticity and adaptation may act on different steps in
the oxygen cascade (McBryan et al., 2016). For example, population- and family-level
comparisons of heat tolerance have documented increased levels of myoglobin (which
mediates tissue oxygen extraction) and β-adrenoreceptors (which mediate increases in
heart rate) in the cardiac tissue of more thermally tolerant salmon (Anttila et al., 2013b;
Eliason et al., 2011). However, these proteins were not implicated when cardiac
proteomics were compared between developmental treatments in Chapter 5. Collectively,
these findings also suggest that adjustments at any step along the cardiorespiratory
oxygen cascade have the potential to contribute to differences in thermal tolerance.
Indeed, when it comes to oxygen-limited thermal tolerance, it appears there is more than
one way to skin a fish.

6.2 Limitations and Recommendations for Future Research
6.2.1

Reversible Acclimation, Developmental Acclimation, or
Developmental Programming?

In this thesis, I defined developmental plasticity as the shaping of phenotypic traits by
early life environments, which can occur across developmental stages and is often
permanent in nature. This contrasts with reversible thermal acclimation, in which
acclimatory effects are confined to a single life stage (Angilletta Jr and Angilletta, 2009).
In this work, Atlantic salmon were reared in one of two thermal regimes across the
embryonic, alevin, and juvenile stages of their life cycle, to simulate higher average
surface temperatures in a warmer future (+4°C). Thermal performance was examined by
measuring the response of fHmax to warming from the respective juvenile acclimation
temperatures. This rearing design was previously used by our group to examine
developmental plasticity in thermal performance in juvenile Chinook salmon (Muñoz et
al., 2015). Since fish from the two developmental treatments were not returned to a
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common rearing temperature prior to experiments, I cannot definitively distinguish
between lasting developmental effects on cardiorespiratory phenotypes, or reversible
thermal acclimation within the juvenile life stage. However, these two processes are not
mutually exclusive, as embryonic environments can have lasting effects on an animal’s
acclimation capacity (Beaman et al., 2016). In zebrafish, increased embryonic
temperatures were shown to mediate acclimation capacity later in life and improve
thermal resilience (Scott and Johnston, 2012). In Drosophila melanogaster, heat
tolerance is mediated by an interaction between current acclimation temperature and
embryonic temperature (Willot et al., 2021). Indeed, embryonic environments can elicit
changes to an organism’s phenotype long after the environmental stimulus, such as
elevated temperature, has been removed. This process is referred to as developmental
programming, which occurs when the environmental conditions during development alter
DNA and chromatin methylation patterns, thereby altering gene expression (Ripley et al.,
2021). In many reptiles, developmental programming is exemplified by the effects of egg
incubation temperature on sex-determination (Booth, 2006). In addition to altering
developmental expression programs, these methylation patterns can become fixed and
alter gene expression responses later in life. Since +4-fish were exposed to elevated
temperatures throughout their ontogeny, it is difficult to assess the extent to which
developmental programming has mediated the observed cardiorespiratory phenotypes.
Changes in cardiac protein abundance in Chapter 5 are suggestive of a hypertrophic
model of compact myocardium expansion. This implies that the observed differences in
heart morphology are mediated, at least in part, by juvenile acclimation temperature.
Indeed, the relative proportion of spongy to compact myocardium is highly plastic in fish,
and ventricular myoarchitecture can be reversibly remodelled by the thermal environment
into adulthood. However, exposure to elevated temperatures during embryonic
development may have increased the capacity for such phenotypic adjustments in +4-fish.
Indeed, a recent study in small-spotted catsharks (Scyliorhinus canicula), zebrafish
(Danio rerio), and European seabass (Dicentrarchus labrax) demonstrated that elevated
embryonic temperature elicited lasting changes in the cardiac transcriptome of all three
species, that may enhance phenotypic plasticity (Ripley et al., 2021). Thus, I suspect that
the phenotypic changes I have described in this thesis are the result of cumulative
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exposure to elevated temperatures across multiple developmental stages. Though not
included in the main body of the thesis, one of the early objectives of my work was to
examine differences in cardiogenesis gene expression in Atlantic salmon embryos
incubated at different temperatures, in order to investigate potential developmental
programming within the heart (Appendix C). The preliminary findings and limitations of
this work are described in the following section.

6.2.1.1

Developmental programming of cardiogenesis

Vertebrate heart development begins with the differentiation of cardiac precursor cells in
the anterior lateral plate mesoderm, that are arranged into bilateral heart fields (Bakkers,
2011; Stainier, 2001). These heart fields consist of atrial and ventricular progenitor cells,
which converge upon the embryonic midline and fuse to form a cone-like structure
encircling endocardial cells (Keßler et al., 2012; Stainier, 2001). This cardiac cone then
elongates to form a linear heart tube that exhibits peristaltic contractions and is lined by
endocardium (Keßler et al., 2012; Stainier, 2001). Next, the heart tube bends to the right,
creating an S-shaped loop in a process called cardiac looping (Bakkers, 2011; Keßler et
al., 2012). The atrium and ventricle become morphologically distinguishable at this stage
and begin to show sequential contractions. The AV canal becomes detectable at the
boundary of the atrium and the ventricle shortly after (Keßler et al., 2012). In teleosts,
chamber ballooning and ventricular maturation then result in a fully formed, beating heart
with one atrium and one ventricle (Keßler et al., 2012).
While the number of chambers and their respective morphology varies greatly among
vertebrates, the regulatory mechanisms involved in cardiac development are highly
conserved. One example is the homeobox-containing transcription factor nkx2.5, which is
required for cardiogenic differentiation throughout the animal kingdom (Bakkers, 2011).
nkx2.5 is thought to mark the earliest embryonic heart field and can initiate the
cardiogenic differentiation program when ectopically expressed. In zebrafish,
overexpression of nkx2.5 results in disproportionally larger hearts in otherwise normal
embryos (Chen and Fishman, 1996). In the fully formed heart, nkx2.5 helps maintain the
ventricular gene expression program (Bruneau, 2002). Another key regulator of cardiac
development is the zinc finger–containing transcription factor gata4, which is required
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for the proliferation of cardiac precursors. gata4 plays an important role in regulating
migration of the bilateral heart fields that fuse to form the linear heart tube, and also
regulates the gene expression of several contractile proteins (Bruneau, 2002). Finally, the
MADS-box transcription factor mef2c plays a critical role in ventricular morphogenesis
and vascular development (Ghosh et al., 2009).
To examine the effect of egg incubation temperature on early heart development, I used
qPCR analysis to compare mRNA levels of key cardiogenesis genes (nkx2.5, gata4, and
mef2c) between Atlantic salmon embryos incubated in the two thermal treatments: +0
(7°C) and +4 (11°C) (Appendix C). Embryos from each temperature treatment were
sampled at four embryonic time points, which approximated key stages in cardiac
development: differentiation of cardiac precursors, presence of the linear heart tube,
cardiac looping, and the presence of a fully formed heart (Velsen, 1980). Because rates of
embryonic development are temperature-dependent in fish (Ojanguren et al., 1999),
embryos were staged using degree days (dd; calculated as the number of days postfertilization multiplied by the incubation temperature, °C). The embryonic sampling
points were: 90 dd (cardiac precursor differentiation), 120 dd (presence of the linear heart
tube), 150 dd (cardiac looping), and 180 dd (fully formed heart) (Velsen, 1980).
I found that increasing egg incubation temperature significantly altered mRNA levels of
nkx2.5 and gata4, but not mef2c (Fig. C.1). At the approximate timing of cardiac
precursor differentiation (90 dd), levels of nkx2.5 were significantly increased in embryos
from the warm-developmental treatment. Since nkx2.5 plays a key role in initiating the
cardiogenic differentiation program and has previously been shown to increase heart size
when overexpressed in fish embryos (Chen and Fishman, 1996), I predicted that fish
raised in the +4-treatment would display relatively larger hearts as juveniles. However, I
found no differences in relative ventricle size in Chapter 3 (measured as relative ventricle
mass and relative ventricle area). By the final time point of 180 dd, nkx2.5 levels were
lower in the warm-developmental group compared to controls. As an important regulator
of cardiac expression profiles, changes in nkx2.5 levels during early heart development
could have cascading effects on the cardiac phenotype (Bruneau, 2002). At the estimated
timing of linear heart tube formation (120 dd), gata4 mRNA levels were approximately
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4-fold higher in embryos from the warm-developmental group. Interestingly, gata4 is
known to be a key regulator of bilateral heart field fusion, which forms the heart tube.
Considering the observed differences in ventricular morphology at the juvenile stage, it is
perhaps surprising that levels of mef2c did not differ between treatments, given its role in
regulating ventricular morphology and vascularization.
To confirm that equivalent degree days translated to the same stage of development
across temperature treatments, I attempted to stain the embryos to assess somite number
—as a given number of somites is indicative of a specific developmental stage. However,
salmon eggs are notoriously robust, and I was unable to satisfactorily dissect the embryos
away from the yolk and chorion, or sufficiently permeabilize the chorion, to allow
staining or visualization. This issue also hindered efforts to use in situ hybridizations to
examine the effect of egg incubation temperature on the spatial expression patterns of
these key cardiac development genes. Thus, qPCR results should be interpreted with
caution until approximate embryo staging can be confirmed. However, it is worth noting
that embryos in the two thermal treatments hatched at approximately equal degree days
(450 dd).
In conclusion, preliminary findings suggest that egg incubation temperature mediates
mRNA levels of key cardiac transcription factors in Atlantic salmon embryos. These
differences in cardiogenesis gene expression may contribute to temperature-dependent
developmental programming of the heart, opening an interesting avenue for future
research. Indeed, I have generated DIG-labelled RNA probes for nkx2.5, gata4, and
mef2c (Table C.2), which can hopefully be used in future investigations by our group to
examine the expression domains of these genes through in situ hybridization.

6.2.2

Body Size

Elevated rearing temperature had unexpected effects on body size in my research.
Typically, increases in incubation temperature result in faster rates of early development,
but smaller juvenile body sizes (Beacham and Murray, 1990; Chen et al., 2013). In
aquaculture, salmon are frequently raised at elevated temperatures to accelerate smolt
production, thereby shortening the more-costly freshwater rearing period. However, these
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‘fast smolts’ tend to be smaller at the time of sea transfer (Frisk et al., 2020). This
temperature-size relationship is thought to be mediated by temperature-related increases
in routine metabolic rate, which place limitations on aerobic scope and the capacity for
growth (Pörtner and Peck, 2010).
Here, I accounted for temperature-related differences in developmental rate by staggering
experiments based on the timing of entry into the juvenile stage (fry emergence).
However, fish from the +4-treatment were ultimately larger than control fish. The timing
of fry emergence was previously used as a yardstick for staggering experiments in a
developmental plasticity study in wild Chinook salmon; however, differences in body
size were not reported in this study (Muñoz et al., 2015). It is possible that the observed
differences in body mass are the result of temperature-dependent developmental plasticity
in growth performance. Egg incubation temperature has previously been shown to affect
later growth performance in Atlantic salmon (Finstad and Jonsson, 2012), such that fish
exposed to elevated temperatures during embryogenesis displayed faster growth rates as
juveniles (particularly at warmer temperatures). Similar relationships between egg
incubation temperature and juvenile growth performance have also been reported in
reptiles (Booth, 2006).
While increasing the time-lag between experiments may have reduced differences in
body size, it is also important to consider age and developmental stage when comparing
heat tolerance in juvenile fish (Chen et al., 2013). Indeed, while +0-fish were smaller than
+4-fish, +0-fish were older by several months. To ensure that all yearlings were in the
same life history stage, individuals that displayed smolt-like characteristics (loss of parr
markings, fully silver colouration, and darkened fin margins) were not used in
experiments. The considerations described in this section underscore the complexity of
life history variation in Atlantic salmon and speak to the difficulty of controlling for
temperature effects on growth and ontogeny. To increase confidence that my findings
were not simply the artifacts of body size differences between treatments, I compared
group means (± SD) for measures of thermal performance, cardiac function, and
cardiorespiratory morphology using only the fish which fell within an overlapping body
size range between treatments (16-35.3 g; Appendix D). Within this subset (N= 13 for
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+0-fish, N= 16 for +4-fish), body mass did not statistically differ between treatments,
with a mean of 22.3 ± 5.3 g in the +0-group and 26.2 ± 5.4 g in the +4-group (t27 = 2.0, p
= 0.054). In these analyses, I found that the reported trends in thermal performance
(Chapter 3), cardiac function (Chapter 3), and cardiorespiratory morphology (Chapters 3
and 4) were maintained within this size-matched subset of fish and the outcome of
statistical comparisons between developmental groups remained consistent (Table D.1).
Thus, I do not believe that differences in body size confound the conclusions that I have
derived from my data. In the future, trials should still be staggered to account for
temperature-dependent differences in developmental rate, but I recommend that
experiments are also confined to fish that fall within an overlapping size range across
treatments.

6.3 Implications for Conservation and Management
The fish used in this body of work were from a hatchery-bred population of Atlantic
salmon hailing from the LaHave River in the Nova Scotia Southern Upland basin. In this
watershed, wild populations of Atlantic salmon are listed as endangered under the
Species at Risk Act (COSEWIC, 2010). Population declines are thought to be caused, in
part, by increasing water temperatures in freshwater habitats. Indeed, habitat degradation,
dam construction, and climate change have compromised the cool waters required by
anadromous salmon during their spawning migrations and juvenile freshwater residencies
(COSEWIC, 2010). A previous study by our group found that in juvenile fish from this
population, thermal performance of cardiac function was narrowly adapted to summer
temperatures of the LaHave River, indicating that the environmental conditions
encountered by juveniles shape thermal performance at the population level (Gradil et al.,
2016). The optimal temperature for cardiac performance (TAB) was 3.8°C below the
LaHave River’s average summer temperature of 20.2°C, and the upper thermal limit for
cardiac performance (TArr) was identical to the peak summer temperature of 26.0°C.
While the Gradil study found a capacity for Atlantic salmon to adapt to local thermal
conditions, it appears that current summer temperatures are already creating aerobically
constrained environments for juvenile fish. Thus, plastic adjustments to thermal
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performance will be critical to the persistence of this population in the face of rapid
climate warming.
In Chapter 3, I found that a 4°C increase in developmental temperature resulted in full
compensation in TAB (4.8°C increase) and partial compensation in TArr (2.2°C increase).
Thus, there is significant potential for developmental plasticity to improve aerobic
performance at summer temperatures commonly encountered by juvenile fish in the
LaHave River. Further, exposure to elevated temperatures during early life has the
potential to improve heat tolerance, which may buffer juvenile fish against thermal stress
at peak summer temperatures. However, mean TAB (15.4°C) and TArr (24.3°C) in the
control group (+0°C) were lower than the values previously reported by Gradil et al.
(16.4°C and 26.0°C, respectively). These discrepancies may stem from differences in the
rearing protocols used in each study, particularly as they pertain to temperature
fluctuation. Thermal variability has previously been shown to improve heat tolerance in
fish (Schaefer and Ryan, 2006). In the Gradil study, egg incubation temperature
mimicked natural conditions, as water was supplied from a spring-fed stream. During the
juvenile rearing period, temperatures were maintained between 9.5-13°C. In my study, I
maintained constant rearing temperatures (11°C for juveniles in the +0-group) to separate
the effects of my thermal treatments from seasonal temperature variation. Thermal
performance estimates in the +0-group may therefore underestimate the true thermal
limits of juvenile Atlantic salmon in this population. Nevertheless, a 4°C increase in
developmental temperature resulted in a mean TAB that matches average summer
temperatures in the LaHave River (20.2°C), and a mean TArr which surpasses peak
summer temperatures (26.5°C). Now that I have established a capacity for developmental
plasticity in thermal tolerance in this population, a 4°C increase in average rearing
temperature should be integrated with ecologically relevant temperature fluctuations.
This follow-up experiment would be particularly relevant to the ongoing efforts to
reintroduce Atlantic salmon to Lake Ontario.
Atlantic salmon were extirpated from Lake Ontario over 100 years ago, and this hatchery
population is currently used in stocking efforts by the Ontario Ministry of Natural
Resources and Forestry (OMNRF). Juvenile thermal stress is considered a barrier to
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successful re-introduction in Lake Ontario tributaries. Consequently, there is considerable
interest in characterizing the thermal performance of candidate populations, as well as
phenotypic flexibility in heat tolerance. The findings of this thesis provide insight into
how hatchery rearing environments can be altered to improve the thermal resilience of
juvenile Atlantic salmon. To examine the ecological significance of these laboratory
findings, the performance and survival of juvenile fish reared under different thermal
conditions in the hatchery should be compared in natural stream environments poststocking. Furthermore, the thermal performance data from my thesis will soon be linked
to detailed measurements of stream conditions in Lake Ontario tributaries where Atlantic
salmon are stocked, as part of an ongoing collaborative project. Together, my data will be
used to identify best practices for both hatchery rearing and stream releases, towards the
reintroduction of Atlantic salmon into Lake Ontario.
In this thesis, I focused on the capacity for physiological adjustments to a changing
thermal environment. Interestingly, emerging evidence suggests that phenological
adjustments to the timing of migrations may be equally important in buffering salmonids
against the negative effects of climate change, by enabling fish to temporally avoid
stressful thermal conditions (Crozier et al., 2008). While phenological shifts may allow
salmon to avoid thermal stress during one life-stage, they can also result in negative
carry-over effects and phenological mismatches in subsequent life stages (Crozier et al.,
2008). Fish can also avoid unfavourable temperatures by seeking thermal refugia on
warm days (Breau et al. 2007). However, in adult salmon, halting migration to seek
refuge in cooler water can delay the arrival to spawning grounds and negatively impact
reproductive success (Crozier et al., 2008; High et al. 2006). Thus, assessing the
vulnerability of salmonid populations to climate change will require investigations into
their capacity for physiological, phenological, and behavioural adjustments to a changing
thermal environment, as well as the associated fitness trade-offs.

6.4 Conclusions
The OCLTT hypothesis suggests that in aquatic ectotherms, upper temperature tolerance
is bound by the capacity of the cardiorespiratory system to meet tissue oxygen demands.
This mechanistic framework has important utility in understanding the ecological limits
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of thermal tolerance in fish and predicting potential responses to climate change. In this
thesis, I found support for the OCLTT hypothesis at the physiological, morphological,
and molecular level in juvenile Atlantic salmon. My findings demonstrate that chronic
exposure to higher temperatures during development can increase acute thermal tolerance
in juvenile Atlantic salmon, through phenotypic adjustments within the cardiorespiratory
oxygen cascade. Additionally, I present evidence that an improved energy supply to the
heart may mediate heat tolerance in juvenile salmon, by preserving cardiac function
under high temperature conditions. As rapid climate warming challenges the adaptive
capacity of many species, my findings contribute to the growing understanding of how
thermal tolerance can respond through plastic, within-generation mechanisms and
identifies cardiorespiratory strategies that may help fishes cope with a warmer future.
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Appendix B: Chapter 2 Supplementary Materials

Figure B.1 User interface of the Doppler Signal Processing Workstation (DSPW),
with the recommended settings for analysis of blood flow velocity at the
atrioventricular (AV) valve. Prior to analysis, the angle between the probe and the
direction of blood flow was set to zero under the ‘Doppler Setup’ tab in the DSPW
software. Positioning the probe at a perpendicular angle, directly posterior to the gills,
ensures that the direction of blood flow through the atrioventricular valve is parallel to
the direction of the ultrasound beam transmitted by the probe –hence the zero-degree
angle setting. Visual aspects of the spectrograph waveforms are controlled in the Fast
Fourier transform (FFT) window the Doppler Setup tab. To obtain the clearest signal
images, I selected ‘Cosine view; 512 samples; with past alignment’, according to the
manufacturer’s instructions. Additionally, spectrograms were filtered with a low pass
filter of 120,000 Hz to eliminate ambient interference. Spectrograph waveforms were
then analyzed for parameters of atrioventricular blood flow using the ‘Mitral Inflow’
mode in the software’s ‘Analysis Control Window’.
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Appendix C: The Effect of Developmental Temperature on
Cardiogenesis Gene Expression in Atlantic Salmon Embryos
C.1 Materials and Methods
Embryo collection and incubation
In the Fall of 2015, LaHave River (Nova Scotia) Atlantic salmon were obtained from the
Ontario Ministry of Natural Resources and Forestry (OMNRF) Normandale Fish Culture
Station (Vittoria, Ontario). Eggs were collected from four different six-year old females
and fertilized with the milt of three-year-old males in a one-female-to-one-male
fertilization regime (embryos resulting from these four separate fertilizations are referred
to as families). Twenty-four hours after fertilization, embryos were transported to a
hatchery facility at the University of Western Ontario. Eggs from each family were
assigned to one of two thermal treatments: present-day (+0°C) or projected future
temperatures (+4°C). Eggs were transitioned to the target temperatures over the course of
two hours in water baths, then transferred into a vertical incubator corresponding to their
designated thermal treatment. The two target temperatures were 7 ± 0.5°C (+0°C) and 11
± 0.5°C (+4°C), which are both experienced during the autumn spawning season in the
LaHave River (Harding Gradil, 2015). The temperature experienced by parental LaHave
salmon at the time of spawning was 7.5°C.
Embryo staging and sampling
Embryos from each of the four families were sampled from each temperature treatment at
four different embryonic time points, which approximated key stages in cardiac
development: differentiation of cardiac precursor cells, presence of the linear heart tube,
cardiac looping, and the presence of a fully formed, beating heart (Velsen, 1980).
Because the rate of embryonic development increases with temperature in fish
(Ojanguren et al., 1999), embryos were staged using accumulated thermal units (degree
days). Degree days (dd) were calculated as the number of days post-fertilization
multiplied by the incubation temperature (°C). The stages sampled included: 90 degree

180

days (specification of cardiac precursor cells), 120 degree days (presence of the linear
heart tube), 150 degree days (cardiac looping), and 180 degree days (fully formed,
beating heart) (Velsen, 1980). At each of the four developmental stages, 12 embryos were
sampled per family in each treatment and pooled for RNA extraction and subsequent
qPCR analysis. An additional 8 embryos per family per treatment were fixed in
Stockard’s solution (Dynamic Aqua Supply) at the four developmental stages of interest
and stored in 100% methanol at -20ºC for future in situ hybridization analysis.
RNA extraction and qPCR
Real-time quantitative PCR (qPCR) analysis was performed to assay mRNA transcript
levels of key cardiogenesis genes (nkx2.5, gata4, and mef2c) in the two temperature
treatments (+0 vs. +4). RNA was extracted from pooled embryo samples (4 biological
replicates per treatment per sampling point) using TRIzol (Thermo), according to the
manufacturer’s instructions. RNA concentration and quality were determined using a
NanoDrop2000 spectrophotometer (Thermo Fisher Scientific). cDNA was synthesized
from 1 µg of RNA using qScriptTM CDNA SuperMix (Quanta) according to
manufacturer’s instructions, and qPCR was carried out using SYBR Green PCR Master
Mix (Applied Biosystems) and a CFX96 Real-Time PCR Detection System (BioRad).
Primer sequences for qPCR are provided in Table C.1. Genes of interest were normalized
to the internal standard of elongation factor one alpha (ef1α), and transcript levels in the
warm (+4) developmental treatment were calculated relative to the control (+0) treatment
using the ΔΔCT method (Livak and Schmittgen, 2001). Statistical comparisons were
made between developmental treatments using a two-way ANOVA and Bonferroni’s
multiple comparisons test.
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Table C.1 Oligonucleotide primer sequences used for qPCR analysis of key cardiac
development genes in Atlantic salmon embryos (Salmo salar).
Gene

Forward (5’‒3’)

Reverse (5’‒3’)

nkx2.5

CCCAGTACGTCCACACCCTT

GGAGGTCGGTAAGGCACAGT

gata4

TCTCCATTCGACAGCTCCGT

CATCGCTCCACAGTTCACACA

mef2c

CACCGTAACTCGCCTGGTCT

GCTTGCGGTTGCTGTTCATA

ef1α

CACCACGGGCCATCTGATCTACAA

TCAGCAGCCTCCTTCTCGAACTTC

182

Synthesis of DIG-labeled RNA probes for whole-mount in situ hybridizations
I intended to perform whole-mount in situ hybridizations to examine spatial mRNA
localization of the same key cardiac genes in the developing hearts of embryos from the
two temperature treatments. To this end, Digoxigenin (DIG)-labeled anti-sense RNA
probes were generated from cDNA clones of nkx2.5 (798 base pairs), gata4 (721 base
pairs), and mef2c (539 base pairs) in pGEM-T vectors (Promega) using SP6 RNA
Polymerase and the DIG RNA Labeling Kit (SP6/T7; Roche, Laval, QC) according to the
manufacturer’s instructions (Table C.2). DIG-labeled RNA probes purified using an
RNeasy® Kit (QIAGEN). The Deimling et al. (2015) in situ hybridization protocol for
Xenopus laevis embryos was to be utilized in Atlantic salmon embryos. However, I was
unsuccessful in dissecting salmon embryos away from the egg yolk and chorion while
ensuring consistent tissue integrity, nor was I able to sufficiently permeabilize the
chorion to allow for probe penetration (data not shown). These same issues hindered
efforts to stain and count somites in developing embryos, to confirm that degree days
were sufficient to control for temperature-dependent differences in developmental rate
between treatments.
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Table C.2 Oligonucleotide primer sequences used for cloning key cardiac
development genes in Atlantic salmon embryos (Salmo salar) for in situ probe
synthesis.
Gene

Forward (5’‒3’)

Reverse (5’‒3’)

nkx2.5

CCCAGTACGTCCACACCCTT

GGTGGGATAGTTACACGCATGA

gata4

TCTCCATTCGACAGCTCCGT

AGCGGTGATCCTCTCTGTCT

mef2c

CACCGTAACTCGCCTGGTCT

CTGCTGGTGCGATCTCTAGG
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C.2 Results
Real-time qPCR analysis revealed that two key cardiac development genes (nkx2.5 and
gata4) were differentially abundant at the mRNA level when Atlantic salmon embryos
exposed to a 4°C increase in incubation temperature (Fig. C.1). Levels of nkx2.5, a
crucial regulator of cardiogenic differentiation, were significantly higher in +4-embryos
at 90 dd (t24 = 3.3, p < 0.05), a stage at which the differentiation of cardiac precursor
cells is occurring. At 180 dd, when we expect the embryonic heart to be formed and
functional, nkx2.5 levels were significantly lower in +4-embryos compared to the
controls (t24 = 2.9, p < 0.05). At later stages in development, nkx2.5 is thought to regulate
the ventricular gene expression program. Levels of gata4, which plays an important role
in heart field fusion, were significantly increased in +4-embryos at 120 dd (t24 = 8.3, p <
0.0001), which approximates the timing of linear heart tube formation.
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Figure C.1 Elevated incubation temperature altered mRNA levels of key cardiac
transcription factors in Atlantic salmon (Salmo salar) embryos. Real-time qPCR was
used to assess mRNA levels of the cardiogenesis genes nkx2.5, gata4, and mef2c in
Atlantic salmon embryos from each temperature treatment (+0°C and +4°C) at four
stages in embryonic development: 90 dd, 120 dd, 150 dd, and 180 dd. Degree days =
days post-fertilization × temperature (°C). Changes in gene expression were measured
relative to ef1α and normalized to control (+0°C) embryos (set to 1). Results are based on
4 pooled-sample biological replicates (mean ± SEM; technical replicates, N=12),
compared using a two-way ANOVA and Bonferroni’s multiple comparisons test; *, p
<0.05; ****, p <0.0001.
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Appendix D: Supplemental Analyses within a Reduced Body Size Range
Table D.1 Group mean comparisons for measures of thermal performance, cardiac function, and cardiorespiratory
morphology in an overlapping body size range of juvenile Atlantic salmon (Salmo salar) raised in the two developmental
treatments (+0°C, 4°C).
Measure

+0°C

+4°C

Test statistic

df

p

Body mass (g)

22.3 ± 5.3

26.2 ± 5.4

2.0

27

0.05

TAB (°C)

14.9 ± 2.6

20.2 ± 2.2

26.7

1,26

< 0.001

TArr (°C)

24.3 ± 2.1

26.2 ± 1.6

12.2

1,26

< 0.01

TpeakfH (°C)

23.2 ± 2.0

24.4 ± 2.3

7.5

1,26

0.01

TpeakSD (°C)

12 ± 1.3

18.6 ± 4.2

26.3

1,26

< 0.001

TpeakQD (°C)

20.6 ± 3.5

22.3 ± 3.2

3.6

1,26

0.07

Peak fHmax (beats min -1)

149.8 ± 15.9

151.8 ± 15.8

0.7

1,26

0.40

Peak stroke distance (cm)

3.1 ± 0.6

2.9 ± 0.8

1.5

1,26

0.23

Peak QD (mL min-1 kg-1)

60.3 ± 10.0

64.4 ± 18.8

0.1

1,26

0.78

fHmax at 15°C (beats min -1)

100.8 ± 6.8

93.9 ± 5.3

12.2

1,26

< 0.01
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Measure

+0°C

+4°C

Test statistic

df

p

Stroke distance at 15°C (cm)

2.5 ± 0.7

2.5 ± 0.7

0.04

1,26

0.85

QD at 15°C (mL min-1 kg-1)

42.5 ± 11.2

43.5 ± 12.6

0.8

1,26

0.39

RVM (%)

0.13 ± 0.02

0.12 ± 0.02

0.8

10

0.44

Ventricle area (cm )

5.9 x10-2 ± 0.5 x10-2

6.3 x10-2 ± 2.0 x10-2

0.3

1,7

0.59

Ventricular L:W ratio

2.0 ± 0.3

2.3 ± 0.4

2.8

1,7

0.14

Compact myocardium (%)

8.9 ± 1.1

15.4 ± 3.2

12.9

1,7

0.01

ILCM thickness (mm)

1.48 x10-2 ± 0.1 x10-2

1.00 x 10-2 ± 0.1 x10-2

3.0

11

0.01

Hct (%)

44.3 ± 4.9

44.0 ± 5.5

0.02

1,11

0.90

2

Note: TAB, Arrhenius breakpoint temperature; TArr, temperature at onset of cardiac arrythmias; TpeakfH , temperature for peak
maximum heart rate (fHmax); TpeakSD, temperature for peak stroke distance; TpeakQD , temperature for peak derived cardiac output (QD);
RVM, relative ventricular mass; L:W ratio, length to width ratio; ILCM, interlamellar cell mass; Hct, hematocrit. Data presented as
means ± SD. Body mass, RVM, and ILCM thickness were compared between treatments using unpaired t-tests. For ILCM thickness,
the t-test was performed on mass-adjusted residuals. Remaining thermal performance, cardiac function, and morphology variables
were compared between treatments using one-way ANCOVAs with body mass as a covariate. QD was the only variable compared via
ANCOVA for which mass was a significant covariate (F1,26 = 7.9, p = 0.01). Statistical significance was accepted at p < 0.05.
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